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Approximately 80 of the 170 commercial ports in the UK are either in or near areas 
protected  under  the  European  Habitats  Directive.  These  areas  are  often  also  focal 
points for related industries, urbanisation and recreation. This brings in to question 
what  impact  these  developments  have  had  on  these  protected  habitats  and  should 
future developments be given permission to occur.  
Pressures  on  estuaries  were  found  to  impact  upon  the  dynamic  equilibrium  of  an 
estuary through changes in the balance of the sediment budget, energy dispersal and 
estuary morphology. It was the aim of this thesis to show that through understanding 
the  historical  relationship  between  various  pressures  and  the  impact  on  these 
components  that  management  of  these  environments  could  be  improved  to  protect 
their environmental interest while allowing sustainable development to occur. Also by 
understanding the state of equilibrium it could be determined whether historic projects 
should be included in the cumulative and in-combination impact assessment for new 
plans or projects under the Conservation of Habitats and Species Regulations 2010.  
Southampton  Water  is  an  industrialised  estuary  on  the  South  coast  of  England,  the 
European protected salt marsh and mudflats lining its shores have been declining so 
this was an ideal case study site to investigate the relationship between pressures on 
estuaries and their impacts.  A geographical information system was used to analyse 
historic data for Southampton Water between 1783 and 2008 to create 3D model for 
Southampton  Water  over  time.  From  this  model  the  volume  changes  of  estuary 
components,  the  sediment  budget  and  the  change  in  dynamic  equilibrium  were 
quantified for the entire estuary. In novel work the changes  were related to historic 
events which had occurred in the estuary. Importantly the errors associated with the 
sediment budget and morphological changes were quantified to provide a degree of 
confidence to these findings. 
 
This thesis found that the biggest influences on the sediment budget and equilibrium 
state of the estuary between 1783 and 2008 were dredging, land claim and Spartina 
growth/dieback. Land claim alone immobilized 255.4(+/-62) x10
6m
3 of sediment. The 
estuary  has  moved  from  equilibrium  state  between  1783  and 1894  to  one which is 
sediment starved due to a combination of these pressures. 1,525 (+/-280) x10
3m
3/yr of 
sediment was needed between 2001 and 2008 to balance the budget. Due to continued 
pressures the basin area is too large for the intertidal area the estuary supports. Error 
analysis was important in providing confidence to these results. The Main Channel and 
Test  Estuary  are  still  adjusting  to  historic  changes  this  means  that  future  plans/ 
projects  should  take  these  in  to  account  when  assessing  the cumulative impact  for 
Habitat Risk Assessments. This thesis showed that future management of the estuary 
should  focus  on  securing  sediment  supplies  to  the  estuary  and  on  stabilising  the 
intertidal zone. Subject to data constraints the methods used in this thesis could be 
applied to  any  estuary  to  assess the impacts of drivers and pressures on protected 
habitats and the management regimes which could be used to ensure their survival. - i - 
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Glossary 
Accretion     The accumulation of sediment through natural processes 
Capital Dredge          Material arising from the excavation of the seabed, generally for 
construction or navigational purposes, in an area or down to a 
level (relative to Ordnance Datum) not previously dredged during 
the preceding 10 years. 
Chart Datum  The level of water that charted depths displayed on nautical 
charts are measured from. Common chart datums are lowest 
astronomical tide and mean lower low water. 
Coastal Defence   The general term applied to coast protection and sea defence 
Coastal Protection   Protection of land from erosion by the sea 
Coastal Squeeze   Where the coastal margin is squeezed between the fixed 
landward boundary and the rising sea level 
 ‘Dieback’  The gradual dying of plant shoots, starting at the tips, as a result 
of various causes including disease and climatic conditions 
DPSIR                        Driver-Pressure-State-Impact-Response framework, a useful                                
tool to assess the state of the environment  
Downdrift  The transport of sediment in the direction of net longshore drifts 
Dynamic Equilibrium A state where the energy distribution within it is at a minimum. 
A symbiotic relationship exists between the components of a 
coastal system, these being the balance of energy input, three 
dimensional geometry and sediment transport, so that changes 
in one component may result in changes to the other two 
components to achieve this state. 
Ebb      Period over which the tide falls 
Ebb tide delta   Area of sediment deposition caused by a decrease in velocity of 
tidal currents where there is interaction with more open 
nearshore conditions. Typically such deltas form at the mouths 
of estuaries and restricted channels where they enter the sea. 
Erosion                     The process by which the surface of the earth is worn away by 
the action of water, glaciers, winds, waves, etc. 
Fine sediment (fines) Sediment with a particle diameter <0.063mm  
Flood      Period over which tide rises 
Habitat  The environment of an organism & place where it is usually 
found 
Highest Astronomical Tide  The highest level of water which can be predicted to 
occur under any combination of astronomical conditions 
Intertidal   Area between Lowest Astronomical Tide (LAT) and Highest 
Astronomical Tide (HAT) 
Land Claim                Claiming of land from the sea, e.g. for port development - xvi - 
 
Littoral drift              The transport of beach sediment in the littoral zone by waves    
and currents 
Longshore                 Applied to sediment transport and involving the area immediately 
adjacent to and parallel with the coastline 
Longshore Drift         The movement of sediment parallel to the shore 
Lowest Astronomical Tide The height of the water at the lowest possible theoretical 
tide 
Maintenance Dredge Material arising from an area where the level of the seabed to be 
achieved by the dredging proposed is not lower (relative to 
Ordnance Datum), than it has been at any time during the 
preceding 10 years; or from an area for which there is evidence 
that dredging has previously been undertaken to that level (or 
lower) during that period.  
 
Managed realignment The setting back of existing coastal defences in order to 
achieve environmental, economic and/ or engineering benefit 
Mean High Water       The average of all high waters observed over a sufficiently long 
period. 
Mean High Water Springs The average of all high water observations at the time of 
spring tide over a period time (preferably 19 years) 
Mean Low Water        A tidal level. The average of all low waters observed over a 
sufficiently long period. 
Mean Low Water Springs  The average of all low water observations at the time of 
spring tide over a period of time (preferably 19 years). 
Mean Sea Level          The arithmetic mean of hourly heights of the sea at the tidal 
station observed over a period of time (preferably 19 years) 
Mudflat                      Low-lying muddy land that is covered at high tide and exposed at 
low tide 
Overtopping              The process where water is carried over the top of an existing 
defence due to wave activity 
Panamax                   Ships classified as Panamax are of the maximum dimensions that 
will fit through the locks of the Panama Canal. This size is 
determined by the dimensions of the lock chambers, and the 
depth of the water in the canal. Each of the canal‟s lock chambers 
are 33.53 metres (110 ft) wide by 320.0 metres (1050 ft) long, 
and 25.9 metres (85 ft) deep. The usable length of each lock 
chamber is 304.8 metres (1000 ft). Panamax is a significant 
factor in the design of cargo ships, with many ships being built 
to exactly the maximum allowable size. 
Post Panamax           Post-Panamax or "over-Panamax" is the term for ships larger than 
Panamax, which do not fit in the original canal. This is the case 
for supertankers and the largest modern container ships - xvii - 
Return Period            Average period of time between occurrences of a given storm 
event 
S.anglica                   Spartina anglica 
Salt Marsh                 Saline tolerant vegetation which establishes and grows within the 
intertidal area 
Sea Defence              Construction engineered to reduce or prevent flooding by the sea 
Sea level rise             The general term given to the upward trend in mean sea level 
resulting from a combination of local or regional geological 
movements and global climate change 
Sea Wall                     Vertical structure constructed to provide flood and/or erosion 
protection to an area above high water which could be affected 
by coastal processes 
Sediment Budget       A sediment budget is the quantification of the sources of 
sediment, changes in the stores of sediment and sediment 
discharge from the system within a specific volume, such as an 
estuary 
Shingle/gravel          Sediment with a diameter between 2-75mm 
Spit                           Narrow accumulation of sand or shingle generally lying parallel to 
the coast with one end attached to the land and the other 
projecting seawards, often formed across the mouth of an 
estuary. 
Steady State              A steady state is a constant form that will eventually arise if the 
forcing inputs remain constant for sufficiently long periods 
Succession                The orderly progression of changes in a community composition 
that occurs during development of vegetation in any area from 
initial colonization to the attainment of the climax typical of a 
particular geographic area 
TEU                           Twenty foot equivalent unit, a measure used for capacity in 
container transportation, it is based on the volume of a 20 foot 
long (6.1m) intermodal container, a standard sized metal box 
which can easily be transferred between different types of 
transportation. 
CD- chart datum 
Etot- total wave energy 
HAT- Highest Astronomical Tide 
Hs- Significant wave height 
MLW- mean low water 
MHW- mean high water 
SPA- special protected area 
SAC- special area of conservation 
SSSI- site of special scientific interest 
Tmean- mean wave period 
All figures are given in metric units, to convert metres squared to hectares for salt 
marsh areas: 1 hectare= 10,000sq m. 
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1.  Introduction 
1.1   Background and Justification   
Estuaries are the interfaces between the fresh water fluvial upland systems and the wave 
or  tide  dominated  regimes  of  the  saline  open  coast,  this  results  in  their  complex 
sediment  and  morphodynamics  (Van  Der  Wal  et  al.,  2002).  Estuaries  are  partially 
enclosed bodies of water, protected from tidal pressure by landforms such as spits. Due 
to the shelter from wave energy provided in estuaries the deposition of fine sediment is 
encouraged. The accumulation of sediment leads to the development of salt marsh and 
mudflat habitats. Internationally significant numbers of birds feed on the invertebrates 
found  in  mudflats,  whilst  salt  marshes  provide  valuable  nearby  roosting  grounds 
(Netherlands Institute of Ecology, 2005, Townend, 2004). Therefore estuaries are highly 
productive ecosystems and have an important link in coastal food chains. Additionally 
adjacent  marine ecosystems  benefit  from  a  supply  of organic material from both salt 
marshes and mudflats (King & Lester, 1995, Pethick, 1993). 
The  shelter  that  estuarine  environments  provide  has  attracted  the  development  of 
human  settlements,  recreation,  aquaculture  and  the  port  industry.  For  example, 
approximately  80  of  the  170  commercial  ports  in  the  UK  are  either in  or  near  areas 
protected under the European Habitats Directive (Stojanovic et al., 2006). Salt marshes 
and mudflats within estuaries are natural sea defences which protect this infrastructure 
by  absorbing  and  dissipating  much  of  the  wave  energy  that  a  hard  structure  would 
otherwise  have  to  resist  (MÖller &  Spencer,  2002a).  Less  developed land surrounding 
estuaries is often of high agricultural value, including areas which have been reclaimed 
in  the  flood  plain  (Pontee  &  Cooper,  2005).  Additionally  salt  marshes  and  mudflats 
provide  shelter  for  moorings  and  commercial  fisheries  (King  &  Lester,  1995,  Pethick, 
1993).  Estuaries are also used as recreational sites with activities such as bird watching, 
sailing, walking and fishing, attracting both locals and tourists (Kirby et al., 1993). 
There  is  a  need  to  protect  the  families,  homes  and  expensive  infrastructure  lining 
estuaries from the risk of flooding and coastal erosion. However by protecting human 
valued assets a variety of problems can be introduced to the estuarine environment. For 
example, through developing hard sea defence structures to protect ports, industry and 
urban settlements the sediment supply to an estuary from bank erosion can be reduced 
and potential sediment supplies immobilised (French, 1997, Townend, 2002a). Removal Elizabeth Hopley                              The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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of large volumes of sediment from an estuary system through maintenance or capital 
dredging prevents sediment cycling and may alter tidal propagation. Also, bank erosion 
may occur as a result of slumping to replace sediment lost from the channels (Morris & 
Gibson, 2007).  
In addition to the variety of human-induced pressures there are also natural forcings, 
particularly sea level rise, which can alter estuarine dynamics. The typical response to 
rising  sea  levels  is  that  estuary  profiles  move  landwards  resulting  in  a  wider,  longer 
estuary. This will only occur if flood defences do not obstruct migration and if geology, 
topography  and  river  valley  shape  allow.  Areas  near  to  the  bank  are  progressively 
covered  with  water  more  often  at  high  tide  causing  sediment  to  be  left  behind,  this 
results in raising the level of the salt marshes and migration of the marsh landwards 
over the flood plain (Townend, 2004). The presence of man-made defences has, however, 
constrained the ability of intertidal habitats (notably salt marsh) to move landward in 
response  to  sea  level  rise,  a  term  referred  to  as  „coastal  squeeze‟  (Townend,  2004). 
Cowell et al.  (2003) found that sediment supply may be more important than sea level 
rise in determining estuary evolution and in cases where there is an insufficient supply of 
sediment available, the marsh will be eroded and replaced by the landward migration of 
tidal flats (Orson et al., 1985, Van der Spek & Beets, 1992).  
When anthropogenic and natural pressures reduce the total area of salt marshes and 
mudflats within an estuary, for example through coastal squeeze or the slumping of the 
foreshore  due  to  dredging,  this  can  have  a  dramatic  impact  on  the  biological  and 
economic value of an estuary. A decline in salt marsh area will reduce the space available 
for primary productivity, and the time available for bird roosting and nesting. A decline 
in the area of mudflat will restrict the access of birds to invertebrates to feed upon, the 
overall effect being a reduction in the carrying capacity of the estuary for birds (Hughes, 
2004). A reduction in the salt marshes and mudflats also means that the tidal energy 
impacting upon fronting hard defence will increase. This leads to larger construction and 
maintenance  costs  associated  with  the  hard  defence  or  in  the  absence  of  hard  sea 
defences  there  will  be  an  increased  risk  of  flooding  to  adjacent  unprotected  land 
(Cooper, 2005b, King & Lester, 1995).  
Managers therefore face the difficult task of balancing nature, anthropogenic demand 
and economic prosperity with the complex interdependent components  of an estuary. 
The relevant UK Administrations are committed under the 2008 Planning Act and the 
2009 Marine and Coastal Access Act to coordinate terrestrial and marine planning to 
ensure that coastal areas in particular are managed in an integrated way. The European Elizabeth Hopley                              The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Habitats  Directive  92/43/EEC  additionally  requires  that  Member  States  establish 
conservation  measures  and  take  appropriate  steps  to  avoid  the  deterioration  of 
designated habitats through development decisions. To balance the demand for flood 
protection, economic development of the coastal zone and the conservation of coastal 
habitats managers must take a strategic standpoint. Both the individual and combined 
impacts of a variety of pressures must be fully understood to develop focused, long-term 
management  plans.  Additionally  present  day  morphology could still be responding to 
past events such as dredging, land claim and the installation of hard sea defences which 
therefore must also be considered (Stive et al., 2002).  
Prigogone  (1955) explained that a system, such as an estuary, will tend to evolve to a 
state where the entropy (energy) per unit volume is at the minimum possible for that 
system. The state in which this is achieved is known as „dynamic equilibrium‟.  In the 
coastal  environment  a  symbiotic  relationship  exists  between  energy  input,  three-
dimensional  geometry,  and  sediment  transport  and  storage over time  to  achieve  this 
state (Cooper et al., 2001a, Cooper & Pethick, 2005). This means that when natural or 
anthropogenic  pressures,  or  a  combination  of  both,  drive  a  change  in  one  of  these 
components this may result in changes in the other two.  For effective management of a 
coastal  system  the  state  of  the  three  inter-linking  components:  the  morphology,  the 
energy forces and the sediment processes along with the pressures which act upon them 
must be understood. The links between coastal margin habitats with sediment supply 
and transport are increasingly recognised. Jones et al. (2011) stated that „due regard for 
sediment budgets (the input, output and storage of sediment within a system such as an 
estuary)  needs  to  become  universal  to  maximise  the  multiple  benefits  for  all  coastal 
habitats’. 
This  thesis  explores  the  current  understanding  of  how  natural  and anthropogenically 
induced pressures alter the forces acting upon an estuary, the morphological response 
to  these and the resulting changes in sediment budgets and transport. A case study 
example of Southampton Water, an industrialised estuary on the south coast of England, 
is  used  to  illustrate  how  improved  understanding  of  an  estuary  can  focus  sediment 
management measures. 
1.2   Case Study: Southampton Water 
Southampton Water is an estuary on the south east coast of England (Figure 1.1). Three 
rivers  feed in  to  the estuary, the Test, Itchen and Hamble. The landward limit of the Elizabeth Hopley                              The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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study area is the tidal limit of these three rivers and the seaward boundary follows the 
line from Calshot Spit to the western shore as this was the limit of historic bathymetry 
surveys of the estuary (Figure 1.2). The estuary has experienced major modification due 
to both natural changes and increasing commercial and recreational use making it an 
ideal case study site. The estuary is sheltered from wave attack by its north west-south 
east orientation and the Isle of Wight which encouraged the growth of salt marsh and 
mudflats  over  the  past  six  millennia  (Dyer,  1970,  Hodson  &  West,  1972,  Long  et  al., 
2000). Much of the intertidal zone is protected as a Special Protection Area (SPA), Special 
Area  of  Conservation  (SAC)  and Ramsar  site due to  the wildfowl  and waders  and the 
habitats it supports.  
 
Figure 1.1 Southampton Water, South East England, showing the study area boxed in red 
and the main site of dredge spoil disposal at the Nab Tower. 
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Figure 1.2 Reaches and morphological elements of Southampton Water 
Human influence has impacted heavily on Southampton Water during the 20
th century, 
particularly  through  port  development.  Southampton  Water  provides  an  important 
navigational route to both the major Port of Southampton and for recreational traffic to 
the Rivers Itchen, Hamble and Test. Land claim in the form of the Port of Southampton, 
Prince  Charles  Container  Terminal  and  Fawley  Oil  Refinery  and  Power  Station  has 
significantly altered the plan shape, reduced the net tidal prism and altered the hydraulic 
regime  within  certain  areas  of  the  estuary  (Hooke  &  Riley,  1987).  Large  volumes  of 
sediment have also been removed from the estuary through navigational dredging, with 
the dredged sediment being completely removed from the estuary system to a dump site 
off  the  Isle  of  Wight  (Figure  1.1).  This  prevents  sediment  recycling  and  alters  the 
sediment budget.   
In  2008  an  application  and  Environmental  Statement  (ES)  to  undertake  dredge  and 
disposal of capital material within the Southampton approach channel was submitted to 
the Marine and Fisheries Agency (ABP Marine Environmental Research Ltd, 2008b). On 
the 24 January 2013 the Secretary of State confirmed support of the Marine Management 
Organisation‟s  recommendation  in  favour  of  the  no  alternative  solutions  and  IROPI Elizabeth Hopley                              The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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(Imperative Reasons of Overriding Public Interest) case for the Southampton Approach 
Channel Dredge (SACD) proposal (Marine Management Organisation, 2013). The volume 
to  be  removed  during  the  capital  dredge  is  11.6  x  10
6m
3,  unless  alternatives  can  be 
found  the  dredge  material  will  be  disposed  of  at  the  Nab  Tower  disposal  ground. 
Modelling demonstrated that the capital dredge would have an effect upon the Solent 
and Southampton Water SPA and Ramsar site through changes to the exposure of the 
intertidal habitat resulting in a loss of intertidal mud, which is an interest feature of the 
site.  In the case of the Solent and Southampton Water SPA and Ramsar site there were 
no viable mitigation measures that would prevent the 2.0 hectares of intertidal mudflat 
loss. Cobnor Point in Chichester Harbour is to provide a managed realignment site of 6.5 
hectares, comprising of 2.1 hectares of intertidal mud and 1.5 hectares of saltmarsh. The 
SACD works cannot commence until the compensation site is constructed. One of the 
ongoing mitigation measures for the capital dredge includes retaining a proportion of 
the  material  from  the  predicted  increase  in  maintenance  dredging  (10-15%, 
approximately  3,000-4,500m³  each  year)  associated  with  the  capital  dredge  in  the 
estuary system.  This will be undertaken by controlled overflowing from the dredging 
vessel in  locations  designed  to  maximise the transportation  of  material  to the target 
foreshore.  The aim of this sediment management scheme is to retain sediment in the 
Southampton  Water  estuarine  system  instead  of  removing  the  material  for  disposal 
offshore.  This  project  emphasises  that  the  pressures  from  dredging  on  Southampton 
Water are set to continue. It brings in to question what the impacts of previous capital 
and maintenance dredge activities have had on the estuary and whether the planned 
compensation for this project is adequate. 
 
Additionally in 2010 the Port of Southampton Master Plan was revealed confirmed the 
ongoing influence of port development on the estuary (ABP, 2010). During the 1930s to 
1970s the Port strategically reclaimed an area of land on the upper western shores of the 
estuary for future port development. The master plan includes intentions to apply for the 
development of Dibden Bay for port facilities some time before 2020. Such development 
had been applied for previously but had been rejected on environment grounds (Carey, 
2004). This further emphasises the need to review the impacts of historic port growth on 
the European  protected  salt  marsh and mudflats lining Southampton Water to inform 
future planning proposals.     
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As stated earlier in this chapter to effectively manage an estuary an understanding of the 
components which contribute to the estuary‟s equilibrium state are required. The earliest 
reliable data for Southampton Water is a hydrological chart dated 1783 (often called the 
Mackenzie  chart).  The  intent  of  this  thesis  is  to  quantify  the  changes  to  the  estuary 
between 1783 and 2008 in terms of changes in the transport and storage of sediment 
within Southampton Water, the morphological changes that have occurred, changes in 
the energy  dispersal  across  the length of the estuary and the overall changes to the 
dynamic equilibrium.  
1.3  Natural and Anthropogenic Influences on 
Southampton Water 
The  Driver-Pressure-State-Impact-Response  (DPSIR)  framework  was  developed  by  the 
Organisation for Economic Cooperation and Development (OECD) (1993) and has been 
used effectively to outline human activity and environmental factors to be considered in 
the  development  of  management  strategies  for  a  variety  of  marine  and  terrestrial 
ecosystems including estuaries (Levin et al., 2008). The elements which formulate the 
analysis framework are as follows: 
  Drivers  are  anthropogenic  activities  or  natural  forcing  factors  which  cause 
pressure on the system, such as industry, population and sea level.  
  Pressures  are  the  way  in  which  the  drivers  place  stress  on  the  system,  for 
example sea level rise, port development and housing development.  
  State refers to the condition or characteristics of the system, e.g. the extent of 
salt marsh in an estuary, the biological communities and morphology.  
  Impacts  are  the  effects  of  changes  to  the system,  e.g.  changes  in  salt  marsh 
species  due  to  global  warming,  decline in  bird  numbers,  increased  number  of 
jobs. These can be measured by comparing the state of the system to a historical 
known state.  
  Responses are the management responses to the actual or predicted impacts (not 
the system responses, which are called impacts) (Pirrone et al., 2005). 
 
The  framework  will  be  used  to  provide  a  baseline  understanding  of  the  natural  and 
anthropogenic  drivers  and  pressures  that  a  generic  estuary  experiences,  this  will  be 
presented  in  Chapter  2.6.  The  DPSIR  framework  will  then  be  directly  applied  to 
Southampton  Water  in  Chapter  3.7  to  outline  the  factors  which  may  have  influenced Elizabeth Hopley                              The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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estuary  morphodynamics,  the  sediment  budget  and  the  estuary‟s  ability  to  disperse 
energy during the study period.  
1.4   Dynamic Equilibrium of Southampton Water 
The dynamic equilibrium concept suggests that if forcings, including waves and tides, 
remain  constant  over  long  time  periods  coastal  morphologies  including  estuaries  will 
evolve towards an average steady form that is in balance with the forcings (Prigogine, 
1955).  The time taken for a state of dynamic equilibrium to be achieved is dependent on 
system constraints, such as geology, or sediment supply, which may even prevent the 
achievement of an equilibrium state, or result in the push to an alternative steady state. 
Therefore,  although  equilibrium  state  may  never  be  achieved  due  to  the  continuous 
fluxes of energy input to the system or due to system constraints, it is a state which 
morphological  change  in  an  estuary  is  driven  towards.  Human  activities,  such  as  the 
introduction of coastal defence features can have significant effects upon this process of 
co-adjustment  and  will  result  in  modifications  within  the  coastal  system  until  a  new 
“dynamic equilibrium” is achieved (Cooper & Pethick, 2005). 
Rossington (2008) investigated the change in the dynamic equilibrium of sections of the 
estuary  between  1926  and  1996.  Rossington  split  the  estuary  into  two  parts  to 
investigate  change,  the  inner  section  of  the  estuary  was  defined  as  the  arm  of  the 
estuary receiving fresh water from the River Test, upstream of the confluence with the 
River Itchen and the outer estuary was defined as below the confluence of the Test and 
Itchen rivers (Figure 1.3). The study concluded that anthropogenic influence had been 
extensive on the inner estuary due to the development of the Prince Charles Container 
Terminal and Port of Southampton resulting in the inner estuary being out of equilibrium 
state, this is discussed in more detail in Chapter 3.3.   
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Figure 1.3 A conceptual model of the morphology of Southampton Water in the early 
1900s, note that by the present day the inner flat in the north has been lost to land 
claim (Rossington 2008). 
Previous studies have also attempted to quantify each of the elements contributing to an 
equilibrium state, these being the energy input, sediment transport and storage, and the 
morphology of the estuary.  
1.4.1   Energy Input 
To establish whether Southampton Water and the rivers entering the estuary are in the 
most  optimised  state for  dispersing  energy,  Price and Townend  (2000)  created  a  two 
dimensional  model  based  on  recorded  bathymetry  for  1783,  1926  and  1996.  Water 
elevations and discharges were extracted from the model at intervals along the estuary 
to  derive  the  energy  transmission  over  a  tidal  cycle,  when  compared  with  the  most 
probable state for the system as a whole (using 1996 boundary conditions) the energy 
distribution  was  found  to  vary  almost  linearly  rather  than  exponentially.  The  linear 
distribution is indicative of a system that is doing uniform rather than minimal work, and 
is a characteristic of a canal or other similar linear system and was found to be due to 
extensive dredging within the estuary.  In order to move towards the most optimised 
state the energy distribution needs to reduce over extensive lengths or increase through 
the mouth (Townend & Dun, 2000).  Elizabeth Hopley                              The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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1.4.2  Sediment Transport and Storage 
In order to investigate the impacts of port development on the estuary ABP Research & 
Consultancy (2000) attempted to quantify the volume of sediment entering, leaving and 
being  stored  within  the  estuary-  a  term  referred  to  as  the  sediment  budget  -by 
combining both historical data from between 1783 and 1996 and modelling work. This 
study  was  done  to  understand  the  potential  impact  of  extending  the  port  on  to  the 
western shores of the estuary at Dibden Bay to cope with future projected port demands. 
ABP Research & Consultancy (2000)  found that due to the input from rivers with chalk 
basins, fresh water flows were found to only provide a small contribution to the overall 
sediment budget, with the largest flows and sediment inputs from the Rivers Test and 
Itchen,  and  less  significant  inputs  being  derived  from  the  River  Hamble.  The  largest 
supply of sediment was found to be from marine sources from the Solent, assumed to be 
the volume of sediment required to balance the sediment budget. The largest quantity of 
sediment removed from the estuary was found to be through dredging. 
However the sediment budget calculations were criticised by several authors who raised 
the issue of uncertainty in the analysis. Townend  (2007) found that the main limitations 
to the historic data was that it related to a period prior to a large capital dredge that was 
carried  out  between  1996  to  1997  and was  based  on  an  incomplete coverage  of  the 
estuary,  largely  omitting  change  in  the  Rivers  Hamble  and  Itchen.  Bray  (2000)  also 
reviewed the calculations of the ABP Research & Consultancy (2000) sediment budget.  
Criticisms included that the report did not clearly define the response of the estuary to 
past reclamations and dredging; the cumulative effects of all major historic impacts upon 
the  estuary  were  not  calculated;  and  the  contribution  of  dredging  on  the  sediment 
budget  appeared  underestimated.  RACER  (2004)  and  Bray  (2000)  concluded  that  the 
sediment budget of ABP Research and Consultancy (2000) had significant uncertainties. 
RACER  (2004)  suggested  that  detailed  studies  into  the  cumulative  effect  of  historical 
reclamation  and  dredging  would  provide  valuable  insights  into  the  sensitivity  of  the 
sediment budget and should focus on reconstructing historical sediment budgets and 
analysing the morphological response to these. 
1.4.3  Morphological Changes  
Through  an  analysis  of  historic  maps  and  aerial  photography  of  Southampton  Water 
Williams (2006) found that in 1889 the area coverage of salt marshes on the western 
shore  of  Southampton  Water  was  406ha  (4.06km
2),  with  538ha  (5.38km
2)  of  fronting 
mudflats on the western shore and a further 277ha (2.77km
2)  of mudflat on the eastern Elizabeth Hopley                              The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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shore.  The  overall  salt  marsh  area  of  the  western  shore  of  Southampton  Water  had 
decreased by 61% between 1889 and 2003, with an increase in mudflat area by 2%. Land 
claim activities were the largest cause of salt marsh and mudflat decline resulting in a 
decline of 34% of the salt marsh area (213ha or 2.13km
2) and 43% of the mudflat area 
(509ha  or  5.09km
2)  shown  to  be  present  on  the 1889  historic  maps  of  Southampton 
Water.  
The decline of salt marsh on the River Hamble was studied by Cope et al. (2007a) who 
found a decline in salt marsh area from 61ha (0.61km
2) in 1946 to 36ha (0.36km
2)  in 
2000  (a  41%  loss  of  which  18.5%  was  due  to  land  claim).  The  BRANCH  (Biodiversity 
Requires Adaptation in North West Europe under a CHanging climate) project found that 
although some migration space is available for intertidal habitats in the upper Hamble 
the  accommodation  space  to  rising  sea  levels  is  limited  in  the  lower  reaches  due  to 
intense development (Gardiner et al., 2007).  
 
By projecting the most recent rates of salt marsh decline, excluding that caused by land 
claim, Cope et al. (2007a) predicted that under the worst case scenario of sea-level rise 
(6mm/yr  following  Defra  guidance  prior  to  2006)  salt  marsh  on  Southampton  Water 
could disappear before 2060 and on the River Hamble before 2080. Due to the decline in 
these habitats bird numbers would severely drop as they would no longer able to roost 
or feed within the estuary. Without the natural defence of the salt marsh and mudflats 
there  would  also  need  to  be  a  review  of  how  the  estuary  is  protected  from  coastal 
flooding.  At these rates of decline management solutions are needed now otherwise 
within a few decades we could see the large scale loss of salt marsh and mudflat along 
Southampton Water and the River Hamble, and dramatic changes in the ecosystems they 
support.  There  are  also  legal  requirements  to  conserve  habitats  protected  by  Special 
Protection  Area  (SPA)  and  Special  Area  of  Conservation  (SAC)  status  under  the  EC 
Habitats Directive such as those on Southampton Water. Article 3 requires that Natura 
2000 sites are maintained or where possible restored to favourable condition status. For 
habitats the definition of favourable condition includes that „its natural range and areas 
it covers within that range are stable or increasing’. The conservation status of species 
at  favourable  condition  includes  that  „there  is  and  will  probably  continue  to  be 
sufficiently large habitat to maintain its populations on a long term basis’.  Elizabeth Hopley                              The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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1.4.4  Original Contribution 
Although these past studies have gone some way to create an understanding of the state 
of the equilibrium of Southampton Water there are still several gaps  in knowledge. In 
order  to  provide  a  positive  and  individual  contribution  to  science  and  satisfy  the 
requirements of PhD research this thesis aims to address the following: 
Dynamic Equilibrium 
To  investigate  the  findings  of  Rossington  (2008)  further  this  thesis  will  calculate the 
change in equilibrium state over time for both the outer estuary (or Main Channel as 
referred to in this thesis) and the Inner Estuary (Test Estuary) to further investigate when 
the inner estuary was driven out of dynamic equilibrium and the possible causes for it. 
These calculations will also be made for the Hamble and Itchen which have not been 
undertaken previously.   
Sediment Transport and Storage  
This study will identify and quantify a comprehensive sediment budget including major 
terms and their uncertainties as far as possible for Southampton Water, some of which 
were neglected by the ABP budget, such as the sediment removed by reclamation. Where 
the ABP Research & Consultancy (2000) budget quoted specific figures for each of the 
elements within the sediment budget this thesis will also focus on attempting to quantify 
the errors  of  individual  components  of  the budget, and of the sediment budget as a 
whole,  this  will  provide  some  level  of  confidence  in  the  budget.  This  thesis  will  also 
investigate the change in the historic sediment budget as much as possible with the 
available  data  between  1783  and  2008,  to  obtain  further  insight  into  the  causes  of 
change to the sediment budget and the related morphological changes to the estuary. By 
investigating  the  historic  change  in  the  sediment  budget  relationships  between  the 
elements of the budget will be sought in order to inform future management decisions 
for the estuary. For example, if a relationship between the volume of sediment removed 
by dredging and the volume of sediment eroded from the intertidal zone are found then 
the impacts of dredging could be predicted and reduced by the potential recycling of 
dredge material within the estuary system. 
 
 Elizabeth Hopley                              The Impact of Changing Sediment Budgets on an Industrialised Estuary 
  - 13 - 
Morphological Changes 
Previous studies have only investigated the change in intertidal area within the Hamble, 
Test  and  Main  Channel;  this  thesis  will  quantify  the  volume  changes  of  both  the 
intertidal sediment stores and the channel of the entire estuary to investigate the status 
of  sediment  cycling  between  sediment  store  types.  This  thesis  will  also  examine  the 
changes to the Test and Itchen, which have been largely omitted from previous studies 
of  historic  morphological  change  to  provide  a  more  conclusive  overview  of  whether 
sediment  is  cycling  between  reaches  or  whether  the  entire  estuary  requires  marine 
sediment to balance the sediment budget. 
1.5  Aims and Objectives  
The  aim  of  this  thesis  is  to  use  the  Driver-Pressure-State-Impact-Response  (DPSIR) 
framework to identify and understand the natural and anthropogenically induced drivers 
and  pressures  which  act  upon  estuaries  and  how  these  can  alter  the  morphological 
equilibrium  of  an  estuary.  The  dynamic  equilibrium  of  an  estuary  is  determined  by 
energy  dispersal,  morphology  and  sediment  budgets.  By  identifying  the  relationship 
between estuary pressures and responses this thesis aims to illustrate how improved 
understanding  of  estuary  sediment  budgets  can  guide  estuary  management.  A  case 
study example of Southampton Water, an industrialised estuary on the south coast of 
England, will be used to explore this and develop methods that might be applied to other 
estuaries.  
The objectives of this study are as follows: 
1)  Identify  the  natural  and  anthropogenic  pressures  placed  on  the  estuarine 
environment, and potential impacts to energy dispersal, estuary morphology and 
the sediment budget. 
Method:  Complete  a  literature  review  to  define  the  concepts  of  dynamic 
equilibrium,  sediment  budgets  and  dispersal  of  energy  in  estuaries.  Review 
studies which look at the impacts of changes in these elements and the impact 
on  estuary  morphology  in  both  a  natural  and  anthropogenically  influenced 
system (Chapter 2). Outline these concepts with respect to the case study site, 
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2)  Quantify  the  historic  sediment  budget  for  an  industrialised  estuary,  using 
Southampton  Water  as  a  case  study  site,  and  investigate  the  relationships 
between changes in the pressures placed on an estuary and its changing energy 
dispersal and morphology. 
Method:  A  sediment  budget  of  Southampton  Water  will  be  calculated  using 
historic  data  between  1783  and  2008,  including  aerial  photographs, 
hydrographic surveys and LiDAR data. Additionally using this data, changes in 
the morphodynamics will be quantified and related to the changes in the energy 
dispersal  within  the  estuary  (Methods  outlined  in  Chapter  4,  and  Results  and 
Discussion in Chapters 5 and 6).  
3)  Estimate the uncertainty in the sediment budget 
Method: Through calculating the sediment budget and review of literature the 
error  in  data  used  will  be  calculated  to  determine  the  confidence  in  the 
calculations  made  and  hence  the  interpretation  of  these  (Methods  outlined  in 
Chapter 4, and Results and Discussion in Chapters 5 and 6)  
4)  Calculate the changes in the dynamic equilibrium of Southampton Water between 
1783 and 2008 and relate these to the historical changes which have taken place 
within  the  estuary  in  order  to  identify  which  pressures  have  had  the  greatest 
impact on estuarine dynamics. 
 
Method:  The  ratio  of  average  intertidal  flat  height  to  tidal  range  (H
f/H),    
intertidal flat area to basin area (A
f/A
b) and channel volume and tidal prism (V
c/P) 
are  expected  to  be  approximately  constant  when  an  estuary  is  in  dynamic 
equilibrium (Rossington 2008). The changes in these ratios for different sections 
of  the  estuary  over  time  will  be  calculated  to  identify  where  changes  in  the 
dynamic  equilibrium  have  occurred  and  the  possible  reasons  for  this  (Method 
outlined in Chapter 4, and Results and Discussion in Chapters 5 and 6).  
 
5)  Use  these  results  to  make  informed  recommendations  for  the  coastal 
management  of  the  estuary;  identify  potential  improvements  to  estuary 
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Method: Based on the calculations made and the conclusions drawn from these, 
suggestions  to  aid  future management  and monitoring  of  Southampton  Water 
will be made (Chapter 6). 
6)  Evaluate the  use of  the DPSIR  framework  and sediment  budget  calculations in 
contributing to the wider knowledge of estuaries. 
             Method: Reflect on the potential application of the use of the DPSIR model and 
sediment budgeting on estuaries on a wider scale and the use of these methods 
on estuary management. 
1.6   Thesis Structure 
This  thesis  contains  six  chapters.  Chapter  Two  contains  a  literature  review  which 
introduces the concept of equilibrium state in greater detail before detailing how energy 
is dispersed in estuaries, how sediment is transported and stored and which elements 
make  up  the  morphology  of  an  estuary.  The  pressures  which  both  natural  and 
anthropogenically influenced estuaries face will then be outlined including their potential 
impact on the components which contribute to estuary equilibrium.  
Chapter Three introduces Southampton Water as a case study site. A review of literature 
is undertaken to outline the processes, as described in Chapter Two, which are relevant 
to the estuary. 
Chapter Four details the method by which the change in the estuary morphology; energy 
dispersal; sediment budget and equilibrium state were calculated. 
In Chapter Five the results are presented and related to historic changes that occurred 
within the estuary between 1783 and 2008 including their associated errors as outlined 
in the objectives listed in Chapter One (Section 1.3).  
In Chapter Six the overall outcomes of the results and impacts of this study on estuary 
management in Southampton Water will be discussed. Generic reflections on the use of 
this method on a wider scale and potential future work will also be outlined. The overall 
conclusions of the thesis will also be presented. 
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2.  Literature Review 
Over the following chapter a literature review will be presented to provide background 
understanding  of  how  generic  estuaries  form  and are  classified.  In  line with  the first 
objective of this study (Chapter 1.5) the concept of a dynamic equilibrium for a coastal 
unit will be explained along with the complex interaction between estuary morphology 
(Chapter 2.3), energy dispersal (Chapter 2.3) and sediment budgets (Chapter 2.5). The 
concept  of  the  Driver-Pressure-State-Impact-Response  framework  will  then  be  used  to 
identify the natural and anthropogenically induced pressures which act upon estuaries to 
alter the equilibrium state (Chapter 2.6). These concepts will then be put in to context 
from Chapter 3 onwards through a case study of Southampton Water, an industrialised 
estuary on the south coast of England, to show how improved understanding of these 
concepts can guide estuary management. 
2.1  Estuary Definition and Formation 
An estuary is considered to extend from the landward limit of tidal facies at its head to 
the  seaward  limit  of  coastal  facies  at  its  mouth  (Dalrymple  et  al.,  1992).  An  estuary 
differs from a delta in terms of its sediment source, a delta is dominated by a fluvial 
sediment  source, and prograding non-deltaic coasts (strand plains and tidal flats) are 
dominated  by  sediment  moved  onshore  by  waves  or  tides  whereas  estuaries  derive 
sediment  from  a  mixture  of  both  fluvial  and  marine  sources.  Cameron  and  Pritchard 
(1963)  define  a  temperate  estuary  as  “a  semi-enclosed  body  of  water  having  a  free 
connection with the open sea and within which sea water is measurably diluted with fresh 
water from land drainage”.  Potter et al. (2010) emphasised that the majority of estuary 
definitions focus on the characteristics of estuaries in temperate regions and that there 
is a need to take into account such features as periodic closure of their mouths and 
hypersaline conditions during dry periods, which characterise many estuaries in Africa 
and America. The following definition, therefore, was developed to encompass the main 
characteristics of all estuaries: „An estuary is a partially enclosed coastal body of water 
that is either permanently or periodically open to the sea and which receives at least 
periodic discharge from a river(s), and thus, while its salinity is typically less than that of 
natural sea water and varies temporally and along its length, it can become hypersaline 
in  regions  when  evaporative  water  loss  is  high  and  freshwater  and  tidal  inputs  are 
negligible’ (Potter et al., 2010). The majority of systems used to classify estuaries are 
based on their morphology, energy input or the stratification of salt and fresh water; 
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Most estuaries can be grouped into four geomorphic categories based on the physical 
processes responsible for their formation (Pritchard, 1952b, Table 2.1): rising sea level; 
movement  of  sand and sandbars;  glacial  processes; and  tectonic  processes.  Drowned 
river valley or coastal plain estuaries were formed by rising sea levels during the last 
interglacial period (about 15,000 years ago) which flooded river valleys that were cut into 
the  landscape  when  sea  levels  were  lower.  Chesapeake  Bay  (Virginia  and  Maryland), 
Southampton  Water  and  Galveston  Bay  (Texas)  are  classical  examples  of  this  type  of 
estuary.  The  movement  of  sand  and  formation  of  sandbars  along  the  coastline  can 
enclose  bodies  of  water  and  form  lagoon-type  or  bar-built  estuaries  such  as  Laguna 
Madre,  Texas.  In  colder  climates,  glaciers  cut  deep  valleys  in  the  landscape.  When 
glaciers recede during warmer climate periods, coastal waters fill the valley to form fjord-
type estuaries, which are common in New England and Alaska. Finally, earthquakes and 
faulting (the development of faults) may cause the rapid sinking of coastal areas below 
sea level to form tectonically produced estuaries such as San Francisco Bay, California.  
Natural physical processes  cause changes in estuarine morphology which can conflict 
with  the  more  permanent  sitting  of  industrial,  urban  and  port  infrastructures.  For 
example, in the fourteenth century the port on the River Nene, Wisbech, began to silt up. 
Believing this to be due to silt being brought down from the river it was decided to divert 
the flow of the Nene away from the estuary through an artificial channel. However the 
source of sediment was actually marine in origin and due to the diversion of the river 
flow the siltation problem was made worse and by 1958 Wisbech was 30km inland from 
the coast (Astbury, 1958). This example illustrates the need to understand the natural 
processes  which  influence  estuary  morphology  as  well  as  the  impact  of  any 
anthropogenic pressures in deciding the best way to manage an estuary. Elizabeth Hopley                              The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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  Classified By  Classification Type  Feature 1  Feature 2  Feature 3  Feature 4  Physical Features  Examples 
Tidal Range (Davies, 
1964) 
Microtidal  <2m range           Likely to contain river 
deltas, barrier islands and 
tidal deltas. 
Peel Harvey Estuary, 
Australia 
Mesotidal  <4m, >2m           Tidal flats, salt marshes 
short barrier islands 
Southampton Water, The 
Tamar Estuary, UK 
Macrotidal  <6m, >4m           Linear sandbanks, tidal 
flats and salt marshes  
Cobscook Bay, Maine 
Hypertidal  >6m              Severn Estuary, UK 
Magnitudes of 
Convergence of the 
estuary sides and 
Friction (Nichols and 
Biggs, 1985) 
Hypersynchronous  Convergence > Friction  Towards the head: Tidal range 
and currents increase.  
Towards the riverine section: 
Convergence diminishes, 
friction becomes a larger 
effect and tides reduce. 
   Estuaries usually funnel 
shaped 
The Humber Estuary and 
Southampton Water, UK 
Synchronous  Convergence = Friction  Tidal range constant along the 
estuary until riverine section is 
reached. 
      Wide funnel shaped    
Hyposynchronous  Convergence < Friction  Tidal range decreases throughout 
the estuary, highest tidal 
velocities at the mouth. 
Water enters through mouth 
and spreads out within the 
estuary. 
   Estuary has restricted 
mouth. 
The Hooghly River 
estuary, India,  
Topography 
(Pritchard, 1952b) 
Drowned River Valleys  Formed by flooding of 
previously incised valleys 
during the Flandrian 
transgression. 
Sedimentation not kept pace with 
inundation. Maximum depth 
<30m.  
Exponential cross-sectional 
area increase towards the 
mouth. Width-depth ratio 
usually large. 
River discharge is 
small. 
Topography like a river 
valley. Common features 
are mudflats and salt 
marsh. 
Chesapeake Bay estuary 
system, The Thames, 
Southampton Water, 
Mersey 
Fjords  The pressure of Pleistocence 
ice sheets, caused over 
deepening and widening of 
pre existing river valleys. 
Steep sides and rectangular 
cross section. 
Small width-depth ratio.  River discharge is 
small, but large 
with respect to tidal 
prism. 
Rocky floors, deposition 
generally restricted to 
head. Sills can be very 
shallow. 
Loch Etive (Scotland), 
Sogne Fjord (Norway), 
Milford Sound (New 
Zealand) 
Bar Built Estuaries  Formed by flooding of 
previously incised valleys 
during the Flandrian 
transgression. 
Sedimentation kept pace with 
inundation. Only a few metres 
deep.  
Restricted cross sectional 
area causing high currents at 
the mouth which diminish 
inland. 
River flow large 
and seasonally 
variable.  
Characteristic bar at their 
mouth, which can get 
swept away during floods 
then rebuilt. Often have 
extensive lagoons and 
shallow waterways just 
inside the mouth. 
Vellar estuary (India), 
Roanoke River (USA) 
Others  All other estuaries including 
tectonically produced 
estuaries, formed by faulting, 
landslides and volcanic 
eruptions. 
            San Francisco Bay 
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Classified By  Classification Type  Feature 1  Feature 2  Feature 3  Feature 4  Feature 5  Examples 
Wave/ Tide 
Dominance 
(Dalrymple et 
al.,1992) 
Wave- Dominated  Tidal influence is small 
and the mouth 
experiences high wave 
energy.  
There is an energy maximum from wave 
input at the mouth and at the head of the 
estuary due to riverine input, both of which 
decrease in the middle of the estuary.  
Likely to occur in micro or meso 
tidal conditions 
Tidal currents diminish 
towards the head of the 
estuary so likely to be 
hyposynchronous. 
Waves move sediment alongshore to 
form a spit. Low energy in the middle of 
the estuary encourages deposition and 
extensive mudflats and marshes are 
formed 
Exe Estuary, UK 
Tide- Dominated  Large tidal currents 
relative to wave effects.  
At the head of the estuary the tidal 
influence diminishes and the river flow 
becomes dominant.  
Likely to occur in macrotidal 
areas 
Likely to occur in 
Hypersynchronous 
conditions. 
The mouth area generally contains 
sandbanks which are aligned with 
current flow. In the low energy middle 
section of the estuary salt marsh are 
developed. 
Southampton Water 
and Severn Estuary, 
UK,  
Salinity 
Structure 
(Pritchard, 
1955 and 
Cameron and 
Pritchard, 
1963) 
Highly Stratified 
Estuary: Salt Wedge 
Type 
Sharp density interface 
between the upper fresh 
water and lower saline 
water layers. 
As the river water is less dense than the 
sea water it flows outwards over the 
surface of the saline layer. A velocity 
difference develops between the two 
layers causing shear forces which 
generate internal waves at the interface 
mixing sea water up with freshwater.  
The velocity and thickness of the 
surface layer decreases towards 
the mouth as the estuary 
widens.  
River water dominates with 
tidal effects having a small 
role in circulation patterns. 
   Mississippi and 
Vellar estuaries 
Highly Stratified: 
Fjord Type 
Sharp density interface 
between the upper fresh 
water and lower saline 
water layers Fresh water 
inflow greatly exceeds 
evaporation. 
Oceanic water is imported in an 
intermediate layer and mixes with the 
freshwater. The resulting brackish water is 
then exported into the surface layer.  
A slow import of seawater may 
flow over the sill and sink to the 
bottom of the fjord (deep layer) 
where the water remains 
stagnant until the next storm. 
      Alberni Inlet (British 
Columbia), Silver 
Bay (Alaska) 
Partially Stratified 
Estuary 
Turbulent mixing by the 
current creates a 
moderately stratified 
condition.  
Turbulent eddies mix the water column 
creating a mass transfer of freshwater and 
seawater in both directions across the 
density boundary. 
The interface separating the 
upper and lower water masses 
is replaced with a water column 
with a gradual increase in 
salinity from surface to bottom. 
A two layered flow still exists 
with the maximum salinity 
gradient at mid depth. 
As tidal forcing increases 
the control of river flow on 
the pattern of circulation 
becomes less dominating. 
Typically shallow and wide with a 
greater width to depth ratio than salt 
wedge estuaries. 
Mersey and 
Southampton 
Water, UK 
Vertically 
Homogenous Estuary 
Tidal flow is greater 
relative to river discharge 
resulting in a well mixed 
water column and the 
disappearance of the 
vertical salinity gradient. 
The fresh water- seawater boundary is 
eliminated due to the intense turbulent 
mixing and eddy effects. 
The width to depth ratio is large, 
with limited depth creating 
enough vertical shearing on the 
sea floor to mix the water 
column completely. 
If tidal currents at the mouth 
of an estuary are strong 
enough to create turbulent 
mixing vertically 
homogenous conditions 
often develop. 
   Severn Estuary, UK 
Fresh Water 
Input and 
Surface 
Salinity 
(Pritchard, 
1952a) 
Positive  Fresh water inflow (from 
river discharge and 
precipitation) > output 
from evaporation 
Surface salinities in estuary < surface 
salinities in the sea. 
         Most estuaries 
including 
Southampton 
Water, UK 
Negative  Fresh water inflow (from 
river discharge and 
precipitation) < output 
from evaporation 
Surface salinities in estuary > surface 
salinities in the sea. 
         Laguna Madre, 
Texas 
Table 2.1 The Approaches used for Estuary Classifications (synthesised from literature review). Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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2.2  Equilibrium State 
As stated in Chapter 1.1 and represented in Figure 2.1 a symbiotic relationship exists between 
the components of a coastal system, these being the balance of energy input, three dimensional 
geometry and sediment transport, so that changes in one component may result in changes to 
the other two components (Cooper & Pethick, 2005). This is because a system will evolve to a 
state where the energy distribution within it is at a minimum, this is known state is known as 
the „dynamic equilibrium‟ (Prigogine, 1955)(Figure 2.2a). 
Pressures, such as that from increased energy from a ship wash can have a short term impact in 
which  the  system  can  regain  equilibrium  state  (Figure  2.2b).  Other  pressures,  such  as  the 
introduction of coastal defence features, can have permanent effects upon the process of co-
adjustment and can result in modifications within the coastal system until a new “alternative 
equilibrium” is achieved where energy is balanced but the overall state of components differs 
from their original state (Cooper & Pethick, 2005) (Figure 2.2c).  
Continuous fluxes in the energy input to the system and system constraints, such as geology, or 
sediment supply, may prevent the influence of the equilibrium state but may result in a push to 
a „steady state‟. A steady state is a constant form that will eventually arise if the forcing inputs 
remain constant for sufficiently long periods  (Ahnert, 1967) (Figure 2.2d). The time taken to 
respond to a given perturbation will vary for individual features and this will tend to introduce 
lags into the system. Consequently, it is more probable that the system will be in transition, 
moving towards a steady state, rather than in a steady-state condition.  
 
Figure 2.1 Components of a coastal system (Cooper & Pethick, 2005). Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 2.2 Forms of Equilibrium adapted from Chorley and Kennedy (1971) Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Van Goor et al. (2003) stated that an assumption can be made to model estuary behaviour; this 
was  that  under  constant  hydrodynamic  forcing  each  element  of  an  estuary  tends  towards  a 
morphological  equilibrium  which  can  be  defined  as  a  function  of  hydrodynamic  forcing  and 
basin properties. The elements were defined as the tidal flats (sediment volume above mean low 
water),  the channel (volume of  water below  mean  low  water)  and the ebb-tidal  delta  (excess 
sediment volume above a hypothetical non-inlet shore face seaward of the mouth). The elements 
interact  through  sediment  exchange  and  this  interaction  plays  an  important  part  in  the 
morphological role of the system (Van Goor et al., 2003). Sediment exchange between the model 
elements is driven by the difference between the element‟s equilibrium volume and its actual 
volume  (Stive  et  al.,  1998).  Using  these  principles  Rossington  (2008)  investigated  the 
relationships  between  estuary  elements  for  53  English  and  Welsh  estuaries  to  determine 
possible  generic  dynamic  equilibrium  relationships  between  various  measures  of  estuary 
geometry and variables such as total basin area and tidal prism. It was found that basin area 
had a strong linear relationship with intertidal flat area; tidal prism was a strong predictor of 
channel area; and average intertidal flat height had a relationship with tidal range. Rossington  
(2008) found that when an estuary is in dynamic equilibrium the ratio of average intertidal flat 
height to tidal range (H
f/H), intertidal flat area to basin area (A
f/A
b) and channel volume and tidal 
prism (V
c/P) are expected to be approximately constant. The calculation of these ratios for an 
estuary can therefore be an indicator of whether an estuary is in dynamic equilibrium and how 
far away from achieving this state it is in. 
 
When  considering  the  dynamic  equilibrium  as  a  concept  the  period  of  time  over which  it  is 
possible to be achieved must be considered. The period should be long enough to cover all-
possible time scales of the components contributing to the change in the estuary or coastal 
geometry (1990). O‟Connor et al. (1990) suggested it is reasonable to use a figure of 100 years 
as a minimum requirement when examining changes in estuarine geometry. For Southampton 
Water however a period of 200 years (1783-2008) was deemed more appropriate in order to 
investigate how the estuary equilibrium has altered before and after human influence as the 
1800s  represented  a  major  period  in  morphodynamic  change  on  the  estuary  due  to  port 
expansion, this is detailed in Chapters 3, 4 and 5. The factors which influence the components 
of a coastal system as outlined in Figure 2.1 will now be discussed in the following chapters for 
a generic estuary- 2.3 Forces; 2.4 Estuary Morphology Forces and; 2.5 Sediments. In Chapter 3 
these concepts will be related to Southampton Water.  Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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2.3  Energy Dispersal 
Sources of energy drive the transportation, erosion and deposition of sediment and determine 
the morphological shape of the estuary. 
The two main types of energy flow which result in the transport of sediment into, out of and 
within estuaries are: 
  Tidal Currents- caused by the movement of tidal water into the estuary and,  
  Residual Currents- caused by the mixing of saline and fresh water.  
The size and shape of an estuary channel is a response to tidal processes and the dispersal of 
energy within the estuary system. The tidal discharge itself is dependant on the morphology of 
the channel and determines the tidal prism (the volume of water that moves in and out on the 
tide). This interdependence means that changes in one part of the estuary can result in changes 
elsewhere and management of the estuary must consider the estuary as a whole interconnected 
unit (Townend, 2002b). 
2.3.1  Tidal Currents 
Tides are extremely long waves which, as they move in shallow water, have a wave length which 
is dependent on water depth. The input of energy to the wave is determined by a number of 
factors including wave fetch, wind direction and water depth (Pethick, 1984).  
According  to  Nichols  (1988)  a  tidal  wave  is  modified  by  three  different  processes  when  it 
propagates a shallow estuary, these are: 
1.  Dissipation of wave energy through friction with channel boundaries. 
Friction  with  the  channel  dissipates  the  energy  of  a  tidal  wave  and  causes  the  tidal 
amplitude to decrease landward. As the amplitude decreases landward the current velocity 
decreases,  this  reduces  the  energy  available  to  keep  fine  sediments  in  suspension.  The 
decrease in  wave  energy landwards means that heavier  bed load and coarse sediment is 
predominantly deposited nearer the mouth and fine sediments in suspension are more likely 
to be retained and deposited in higher reaches. In the middle of the estuary the low energy 
encourages deposition and extensive mudflats and marshes are formed. At the head of the 
estuary the tidal influence diminishes and the river flow becomes dominant. Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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2.  Landward constriction by shoaling or convergence in the channel. 
Normally an estuary narrows and shoals landward; this has the opposite effect of friction by 
concentrating  wave  energy  and increasing  the wave  amplitude.  When a progressive wave 
propagates into the estuary its tidal amplitude tends to be preserved. In order to maintain 
the tidal amplitude, opposing the effects of frictional dissipation, there needs to be a degree 
of convergence. To attain dynamic equilibrium an estuary co-adjusts its tidal discharge and 
its  channel  geometry  through  erosion  and  deposition,  or  through  changes  in  tidal 
characteristics  including  tidal  wave  length,  amplitude  and  longitudinal  gradient  of  tidal 
discharge.  
3.  Reflections from the channel bank, shoals or from the estuary head. 
If there is no friction, a wave entering a rectangular estuary will travel to the head where it 
will be reflected and return down the estuary. The reflected wave will then interfere with the 
wave just entering. A standing wave (the sum of two progressive waves travelling in opposite 
directions of equal dimension) can be set up which will have an antinode at the head, where 
the fluctuation of water is greatest, this is equal to twice the amplitude of the original wave 
(Figure 2.3).  At one-quarter of the wave length down the estuary there will be a node where 
there is no variation in water depth but there is a maximum in horizontal currents. In short 
estuaries  the  node  will  be  seawards  of  the  mouth,  the  tidal  amplitude  would  be  at  a 
maximum at the head but the currents would increase towards the mouth (Dyer, 1973).   A 
similar  situation  occurs  with  reflections  from  the  bank  of  the  estuary  to  create  internal 
standing  waves.  A  residual  water  circulation  is  produced  beneath  standing  waves  which 
causes  zones  of  convergence  of  near  bed  water  beneath  the  antinodes  and  divergence 
beneath the nodes (Dyer, 1989). Dyer (1970) has postulated that these circulations may have 
produced  stable  longitudinal  vortices  in  the  boundary  layer  leading  to  the  generation  of 
sedimentary furrows on the bed of Southampton Water. Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
 
  - 26 - 
 
Figure 2.3 A standing wave, the sum of two progressive waves. Fluctuation of water is greatest 
at the antinode and zero at the node (based on (Dyer, 1970). 
Tidal Propagation 
Shallow channels, decreasing in depth landwards and low intertidal areas cause a distortion of 
the tidal propagation so that waves move faster at high water than low water. This distorts the 
duration of slack water at high and low water and favours the import of fine sediment into the 
estuary.  Conversely,  where  channels  are  deep  throughout  and  the  intertidal  areas  lie  above 
mean tide level the tide is distorted so that the tide moves faster at low water than high water, 
favouring the export of fine sediments. The extent of intertidal flats also influences the peak 
velocities  during  the  tide  with  large  intertidal  flats  giving  rise  to  larger  ebb  velocities  and 
favouring the export of coarse sediments (Townend et al., 2007). 
Tidal Energy Dispersal  
The energy dispersal of the tide is dependent on the tidal range, and tidal prism. The tidal range 
is the vertical difference between the highest high tide and the lowest low tide (Townend et al., 
2007). The tidal prism is the volume of water in an estuary between mean high tide and mean 
low tide on each tidal cycle; it will determine the area over which energy can be dispersed. Any 
changes in the tidal prism will result in a change in the energy distribution patterns resulting in 
changes to the estuary morphology (Eysink, 1990). 
Causes for a change in tidal energy include changes in storm activity, sea-level rise and changes 
in wind direction. If the energy inputs are no longer able to be dissipated within the system 
there  will  be  a  change  in  the  morphology  and/or  sediment  characteristics  and/or  sediment 
transport processes elsewhere within the cell (Cooper et al., 2001a). 
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Human interference with the sediment budget (e.g. coastal defence works) can also result in a 
change in the dispersal of energy, for example channel deepening through dredging can result 
in a change in the volume of sediment required for the estuary to maintain its position in the 
tidal  frame  (Gill  et  al.,  2000).  The  underlying  implication  associated  with  the  natural  or 
anthropogenic changes to the system is that the previous equilibrium within the cell will be 
altered and the morphology of the estuary will change in order to regain a state in which energy 
is evenly dispersed. 
Tidal Prism 
Eysink (1990) states that one of the factors which determine the equilibrium volume of both the 
channel and the ebb- tidal delta of an inlet is the tidal prism. The way in which tidal energy is 
dispersed within the estuary system can cause changes in estuary morphology. The tidal prism 
can also be altered through changes in morphology such as through land claim or realignment 
of sea defences and also through sea level rise.   
The tidal volume and cross sectional area vary proportionally, to maintain this relationship as 
tidal volume increases the estuary volume must also adjust. Therefore an increase in tidal range 
or fall in sea level will give rise to an estuary enlargement. Conversely, a decreasing tidal range 
or rise in sea level will result in channel infilling (Townend et al., 2007) (Figure 2.4).  
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Figure 2.4  Schematic to show the nature of the morphological response for an idealised channel 
cross  section  with  a  sedimentary  basin. The variation of sediment movement in response to 
ebb/flood dominance of the tide is shown on the top. The influence of sea level changes and 
changes in the tidal frame on estuary morphology whose intertidal flats are relatively low in the 
tidal frame is shown on the bottom. It can be seen that sea level rise and a decrease in tidal 
range produce the same response. Modified from Townend et al. (2007). 
2.3.2  Residual or non-tidal currents 
In many estuaries the movement of sediment is caused by currents caused by the mixing of 
saline and fresh water, these are called residual currents (Sylaios & Boxall, 1998). These currents 
are in addition to tidal currents but often the two interact. The main driving factor of these 
currents  is  the  different  density  of  water  types.  Fresh  water  is  less  dense  than  salt  water 
meaning  that  as  fresh  water  enters  an  estuary  from  upstream  it  rises  over  the  salt  water 
entering  from  the  sea.  The  velocity  difference  between  seaward  flowing  river  water  and  the 
underlying  seawater  creates  friction  between  the  layers.  The  friction  causes  turbulence  and Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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internal waves at the interface. The internal waves grow and when they break small quantities of 
high salinity water are injected and mixed into the upper layer, which progressively increases in 
salinity towards the estuary mouth. The amount of mixing between the two layers is dependent 
on the relative speeds and volumes of the two flows. One of the ways an estuary is classified is 
based  on  how  well  these  vertical  layers  are  mixed.  In  an  estuary  in  which  there  is  a  larger 
volume of fresh water input than saline water a strong concentration gradient is present, this is 
called a salt wedge estuary and vertical mixing is small. In a partially mixed estuary the density 
gradient between the saline and fresh water layer is less pronounced due to greater vertical 
mixing. There is greater mixing in these estuaries due to faster tidal currents and a moderate 
river flow. Well mixed estuaries tend to be shallow, have limited fresh water inputs and strong 
tidal currents. An estuary‟s circulation can change in location over time (Segar, 1998).      
The  effect  of  the  change  in  saline  and  fresh  water  flow  along  the  estuary  impacts  on  the 
deposition of sediment within it (Sylaios & Boxall, 1998). Rivers carry suspended particles, the 
largest of which are deposited on the coastal plain or when the river enters the estuary. The 
finer particles  may remain  in  suspension  as  they  are  transported  to  sea  but  the increase in 
salinity  causes  them  to  clump.  Particles  of  intermediate  size  fall  slowly  through  the  water 
column  and  are  usually  transported  within  the  estuary.  The  seaward  moving  particles  fall 
through  the  water  column  into  the  landward  moving  bottom  layer  where  they  are  then 
transported back to the head of the estuary. These particles are deposited near the estuary‟s 
head where tidal and residual currents are low. Elevated river flows can extend the estuary head 
seaward and cause swifter river currents which re-suspend sediments; these recycled sediments 
are then usually deposited within the intertidal zone. The most important point of this is that 
suspended particles tend to be retained within the estuary by the estuarine circulation (Segar, 
1998).   
2.4  Estuary Morphology 
Under natural conditions the morphology of a coastline, be it estuarine, deltaic or upper shore, 
reflects a responsive and dynamic equilibrium between the material form of the coast and the 
hydrodynamic  forcing  factors  of  waves  and  tidal  currents  (Pethick,  1996,  Pethick  &  Crooks, 
2000). The processes which determine the morphology of an estuary will now be outlined. Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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2.4.1  Sediment Transport  
Sediment  is  transported  into,  within  and  out  of  an  estuary  through  sediment  transport 
pathways.  The  volume  of  sediment  which  is  transported  and  retained  within  a  system  will 
determine the morphology of an estuary. The force which transports sediment is provided by a 
fluid, for example water or air, these forces were defined in Chapter 2.3.  
The force required to transport a sediment grain is determined by: 
  The mean grain size- This will indicate whether it behaves as a cohesive or cohesionless 
mass. Cohesionless sediments (e.g. sand and gravel) are made up of solid grains usually 
bigger than 0.06mm in diameter and which are held together principally by gravitational 
forces. Cohesive sediments (e.g. fine grain mud, consisting of silts and clays) are mainly 
composed of secondary clay minerals which are held together by electrolytic forces (ABP 
Marine Environmental Research Ltd, 2008a).The average grain size from estuarine areas 
ranges from 0.001 mm to 0.02mm and so are cohesive (Biggs, 1978). 
 
  The  degree  of  sorting-  This  will  influence  the  packing  of  the  grains,  poorly  sorted 
sediment  packs  better  than  well  sorted  ones  as  the  smaller  grains  fit  in  the  spaces 
between the larger ones (ABP Marine Environmental Research Ltd, 2008a). 
 
  The way in which sediment is packed- Rapid deposition rates can lead to sediment not 
being  packed  to  its  optimum,  with  large  pore  spaces  between  grains  (ABP  Marine 
Environmental Research Ltd, 2008a). 
There  are  two  mechanisms  by  which  sediment  can  be  transported:  by  bed  load  and  by 
suspended load, these will now be explained further. 
Bed  Load  Transport-  This  mode  of  transport  refers  to  sediment  grains  moving,  rolling,  or 
bouncing  (saltation)  along  the  seabed  as  they  are  transported  by  currents  and  is  primarily 
related to coarser material such as sands and gravels. Fine sediment can also be moved as fluid 
mud along the bottom of the estuary bed. When a liquid flows across a boundary, such as the 
bed of an estuary, the boundary provides a resistance to flow which is transmitted upward, with 
each successive layer sharing an equal part. When the drag force of water flowing against a 
grain of cohesionless sediment within a bed is greater than the gravitational force holding it in 
place it begins to move (Hatyer & Gu, 2001). This resistance creates an equal and opposite force 
applied by the flow to the bed, this is the shear stress (Figure 2.5) (Soulsby et al., 1997). The Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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grain initially cannot move forward since it is packed in to the bed so it must begin to move by 
rocking back and forth about a fulcrum (whose position is determined by the type of packing). 
At the point where the directive forces (shear forces) overcome the resistant forces produced by 
the weight of the grain acting about the same fulcrum (inertia, friction) the particle will move, 
this is known as the moment of incipient motion. As well as shear stress, an important force 
acting on sediment grains is the pressure gradient caused by the moving fluid.  As a fluid flows 
over  bed  obstructions-  either  individual  grains,  or  ripples  formed  of  many  grains-  the 
streamlines crowd together and the velocity increases. The result is a drop in pressure above the 
obstruction which lifts the grains up into the flow (Pethick, 1984).   
 
 
Figure 2.5 Forces acting upon a cohesionless sediment particle where FL is lift force, FD is drag 
force and W‟ is the weight of the grain, F
F. is the composite fluid force (adapted from (Pethick, 
1984)). 
Suspended  Load  Transport-  Particles  smaller  than  about  0.2mm  are  so  small  they  are  not 
carried along the bed by water movements but are swept up into the flow and held there in 
suspension.  Suspended  sediment  transport  occurs  because  the  upward  component  of  the 
turbulent eddies within the flow prevents each silt or clay particle from falling downwards. The 
actual velocities achieved by these upward currents must be greater than the fall velocity of the 
suspended grains (Pethick, 1984).  Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Short-range attractive forces exist between clay grains which causes them to stick together if 
the distance between them is small enough (Pethick, 1984). In fresh water grains are prevented 
from coming close to each other by repelling forces on their surface, however in saline water 
these charges are reduced. The clay particles stick together in large agglomerations called flocs, 
these are loose open structures containing up to 90 per cent water making them less dense 
than  a  solid  structure  of  the  same  size  would  be.  As  these  flocs  are  much  larger  than  the 
individual  grains  their  settling  velocities  are  increased  (Pethick,  1984).  Another  type  of 
flocculation  can  be  caused  as  an  organism  ingests  the  grains,  utilises  the  organic  material 
between the grains and then excretes the grains as faecal matter, or an organic floc. Deposition 
is therefore dependant on the concentration of suspended sediment, average settling velocity 
and the shear velocity of the flow (Eisma, 2003). 
Unlike sands, when mud is deposited the grains stick together to form a cohesive mass which 
requires high velocities to erode them. This cohesion depends partly upon the attractive forces 
between the grains but also on the water content and factors such as biological mucus which 
acts as a form of glue to help cohesion. The resistance of a mud to erosion is usually measured 
as „yield strength‟ that is the amount of stress that the mud can stand before it breaks. In fact 
erosion of mud is not caused by individual grains being lifted from its surface but rather the 
mass failure of lumps of sediment which subsequently break into smaller pieces as they roll 
across  the  bed.  Hence,  as  deposition  is  the  result  of  discrete  grains  or  flocs  settling  from 
suspension,  while  erosion  is  the  result  of  bed  failure,  the  short  term  view  can  appear  as  if 
deposition is dominant but the long term view can tell another story (Pethick, 1984). 
Sediments supplied to an estuary undergo repeated cycles of resuspension and deposition prior 
to  permanent  accumulation  or  transport  into  the  sea  by  ebb  and  flood  tidal  currents.  As  a 
consequence of resuspension the kind and amount of suspended sediment discharged from an 
estuary  may  be  significantly  different  from  the  sediment  supplied.  There  are  several  factors 
which result in resuspension which act over different timescales for example; a change in the 
tidal range from neap to spring produces biweekly cycles of resuspension and deposition.  
2.4.2  Mudflat Formation 
As the tide rises it floods across the lower reaches of the mudflat with increasing velocities. As 
the tide flows further over the higher areas of the flats the velocities drop until they reach zero 
at high tide when the whole mudflat is submerged. This change in velocity results in a pattern of 
deposition where coarser grain sizes begin to be deposited as soon as the velocities begin to fall 
at mid tide with the finer sediment being deposited on the upper shore. Silts in suspension take Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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longer to settle out than sand sized grains thus the grain sized distribution on a mudflat is 
dependent on both the variability of the tidal current and the behaviour of different sized grains 
in  suspension  (Whitehouse  &  W.,  1999).  As  the  mudflat  surface  increases  in  height  due  to 
sediment accretion the period of tidal inundation is reduced leading to a reduction in the time 
for  fine  sediments  to  settle  out  of  suspension,  decreasing  the  rate  of  deposition  (Houwing, 
2000). 
A  grain  does  not  fall  vertically  downwards  when  falling  from  suspension  as  it  is  still  being 
carried on the current, it is deposited inland from where the tide reached the critical deposition 
velocity; this is a term referred to as the settling lag. When the tide turns, assuming that the 
velocities of the flood and ebb are equal, the deposited grain will not be entrained until much 
later in the flow when they have gained some distance due to the settling lag. Hence on the ebb 
the grain will be suspended for a shorter time period than on the flood and therefore will not 
move as far offshore as it did onshore. The lower velocities and effects of the settling lag means 
that the deposition rate on the higher flats is greater than those at mid-tide and results in a flat 
upper  surface  to  the  mudflat  and  a  steep  lower  portion  (Pethick,  1984).  The  surface  also 
becomes stabilised by micro-organisms/ biofilm (Aspden et al., 2004) 
2.4.3  Salt Marsh Formation 
As the upper mudflats build up with fine sediment the duration of tidal flooding decreases till a 
critical point is reached where the mudflat becomes exposed for long enough each day for the 
surface to become vegetated (Pethick, 1984). Several factors dictate the height at which this 
critical point is reached, these are: 
  The  availability  of  suitable  plant  species  able  to  withstand  such  a  difficult 
environment, some species are able to colonise lower than others. 
  The velocity of tidal currents, as these may dislodge seedlings. 
  The availability of light for plant growth, this is dependant both on the duration of 
tidal flooding and on the water turbidity.  
  The  salinity  levels  of  the  tidal  water,  as  different  plant  species  have  a  different 
tolerability to salinity levels (Ranwell, 1972).   Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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The leaves and stems of the plants act as a buffer for incoming tidal flows, which decreases the 
tidal velocities and allows deposition to occur throughout the entire period of inundation, not 
just at slack water (Ranwell, 1972).  
The  immediate  sources  of  sediment  found  beneath  salt  marshes  are  the tidal  waters,  which 
provide mainly mineral matter, and the marsh plants themselves which supply organic matter. 
The  predominance  of  mud  in  the  supply  leads  to  „minerogenic‟  marsh  whereas  the 
predominance of organic material from plant litter and root biomass leads to the formation of 
organogenic  marsh.  The  majority  of  marshes  in  Great  Britain  are  minerogenic  and  potential 
sources  of  sediment  include  river  catchments,  estuarine and coastal  cliffs  and offshore mud 
deposits.  Since  mud  is  easily  transported  in  suspension  in  tidal  waters,  it  may  travel 
considerable distances from its source, and be mixed with material deriving from other sources 
before arriving at its final deposition site (Allen, 1992).  
Plant succession  
The range of individual species found on the marsh is due to a combination of their relative 
ability to tolerate tidal submergence, the pattern of which can be seen in Figure 2.6, and factors 
related to tidal submergence such as soil anaerobics and competition with increasing elevation 
(Gray, 1992). In British and western European marshes the succession typically advances from 
Salicornia  spp.  on  the  low  marsh,  through  Atriplex  portulacoides  (sea  purslane)  and  Aster 
maritime (sea aster) on the medium height marsh to Puccinellia maritima (salt marsh grass), 
Limonium vulgare (sea lavender) and Armeria maritima (sea pink) on the highest marshes. In 
North America there is a general development from Spartina alterniflora on low marsh to Juncus 
gerardii (salt marsh rush) on high marsh. In tropical areas areas, where salt marsh would be 
present, they are superseded by mangroves, although some salt marsh species may be found 
interspersed (Pethick, 1984). Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 2.6 Salt marsh showing the pattern of tidal inundation across mudflats from low to mean low water and subsequent flooding 
of salt marsh to high tide (spring tide) (National Ocean Service, 2008).  Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Seasonality of deposition 
Sedimentation rates are not uniform across the marsh profile and are influenced by a 
number of factors including elevation or age of the marsh and its relationship to the 
duration  of  tidal  flooding  (Adam,  1990,  Pethick,  1981,  Stoddart  et  al.,  1989).  Other 
factors  include  proximity  to  flowing  creeks;  tidal  range;  the  accumulation  of  organic 
matter; sediment compaction and vegetation cover (Ranwell, 1964, Stoddart et al., 1989, 
Stumpf,  1983).  Variations  in  sedimentation  patterns  also  occur  seasonally  (Ranwell, 
1964) and may be influenced by biotic processes (Brown, 1998).  
The amount of accretion on a salt marsh surface (overall deposition minus the effects of 
erosion and compaction) varies within the marsh and throughout its development. Mean 
annual  accretion  is  greatest  in  the mid-section  of  the  marsh  transect.  Ranwell (1964) 
found  that  there  was  an  annual  cycle  where  this  zone  of  maximum  accretion  is 
transferred from nearer the seaward edge in spring to the landward margins in winter. 
As  the  marsh  matures  the  rates  of  deposition  across  its  surface  decreases,  this  is 
because  the  increased  height  of  the  marsh  results  in  a  decline  in  the  number  and 
duration of tidal floods across its surface. This decrease in accretion on mature marshes 
means that they never attain the height of the highest spring tides, have almost zero 
accretion rates and become stable. The typical rates of accretion on a young marsh (0-
100 years) may be as high as 10cm/yr (Ranwell, 1964) which can drop below 0.001cm/yr 
on older marshes (Pethick, 1981).   
The growing season for salt marsh plants is typically between April and November in 
England,  but  in  mild  winters  plant  growth  can  occur  throughout  the  year  (Boorman, 
2000). During spring and summer the salinity of tidal water is high causing increased 
flocculation  at  the  seaward  edge.  The  increased  biological  intensity  during  this  time 
means that the effect of deposition by plants and animals is maximised. During winter 
there is an increase in rainfall, which decreases salinities, biological activity slows and 
the  rates  of  deposition  fall.  The  sediments  deposited  during  the  summer  season  are 
dispersed and eroded. Some of these eroded sediments are transported landwards to be 
re-deposited nearer the upper tide limit (Pethick, 1981).    
Exchanges  of  sediment  from  salt marsh to mudflat can occur during high magnitude 
events such as storms. During this time the salt marsh acts as a temporary sediment 
supply to the mudflat. This supply is caused by the increased wave energy eroding the 
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material allows the mudflat to adjust its profile to the applied forcing through widening 
and flattening (Houwing, 2000, Janssen-Stelder, 2000). 
Without an adequate sediment supply morphological changes to the estuary can occur 
including lowering of the intertidal zone relative to the tidal frame. When investigating 
the  morphological  response  of  estuaries  to  natural  and  anthropogenic  change  it  is 
therefore vital to quantify the volume of sediment required by the system to sustain the 
estuary profile, this can be done through calculation of the estuary‟s sediment budget. 
2.4.4  Anthropogenic and Natural Influences on Estuary morphology 
An  ideal  estuary  is  funnel  shaped.  Widths,  depth  and  cross  sectional  area  decrease 
landwards as the banks converge and the bed shoals. The large scale deposition and 
erosion of sediment determines where features such as salt marsh and mudflats develop 
which define the shape of the estuary (Self et al., 2000). Subject to system constraints, 
such as geology, the position of mudflat, salt marsh and the channel within an estuary is 
determined by tidal level and is therefore influenced by changes in sea level. Additionally 
the anthropogenic influence on estuaries through activities such as dredging and land 
claim has resulted in considerable modification to the natural morphology of estuaries 
leading to changes in water circulation patterns, tidal regime and sediment deposition 
patterns, causing knock on effects to natural habitats and wildlife (French, 1998).  For 
example, the effects of human activity on the morphological development of the Ribble 
Estuary have outweighed the effects of natural forcing factors, such as changes in sea 
level and wind/wave climate, over the past 200 years (Van Der Wal et al., 2002). These 
natural  and  anthropogenic  influences  to  estuary  morphology  will  now  be  discussed 
further. 
Sea level rise  
Pugh (1987) states that observed sea level is a combination of:  
  Mean Sea Level which is the average height of the sea over an extended period of 
time.  Tide  gauge  observations  show  a  rise of 1.7m +/-0.5 mm/year over 20th 
century globally (Bindoff et al., 2007). For the 21
st century a global mean sea level 
rise (MSL) of between 18 and 59 cm is one of the more certain consequences of 
human-induced  climate  change  as  shown  by  the  Intergovernmental  Panel  on 
Climate  Change‟s  (IPCC)  Fourth  Assessment  Report  (AR4)  (Meehl  et  al.,  2007). 
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and could increase further with  possible  changes in storminess  (Hinton et al., 
2007). 
  Tidal Component, this is the part of the sea level driven by astronomical forcing. 
The nodal cycle causes the tide to cycle over an 18.6 year cycle, with an 
amplitude of about 3.7% of tidal range (Pugh, 2004). 
  Non Tidal Residual, which primarily contains the meteorological contribution to 
sea level. Evidence between 1970-2000 indicated an increase in storminess and 
wave heights in Britain  (Grevemeyer et al., 2000) however an examination of 
storm patterns indicated this may be part of a longer cyclical variation (Alexander 
& Tett, 2005). 
 
Rising  sea-levels  result  in  a  spatial  shift  of  coastal  geomorphology  through  the 
redistribution of coastal landforms comprising of subtidal bed forms, intertidal flats, salt 
marshes,  shingle  banks,  sand  dunes,  cliffs,  and  coastal  lowlands  (Pethick  &  Crooks, 
2000). As the depth of water increases at the shore, there is a resulting enhanced wave 
and tidal energy along the coast. In response, coastal landforms migrate, both normal to 
and parallel with the shore in order to maintain their position within the energy gradient 
(Figure 2.7). In this way as coastal energy levels increase, mudflats migrate landwards to 
lower energy levels and could be replacing salt marshes, which have similarly migrated 
landwards from exposed positions resulting in an increased sediment demand (Pethick, 
1996).  
 
Figure 2.7 Estuary migration due to sea level rise (Townend, 2004). Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Rossington et al. (2007) used a behaviour based model called ASMITA (Aggregated Scale 
Morphological Interaction between Inlets and the Adjacent Coast) to predict the critical 
rates of sea-level rise for four estuaries in the UK which would trigger the loss of 25%, 
50%  75%  and  the  total  loss  of  intertidal  sediment  volume.  The  model  uses  the 
assumption  that  under  constant  hydrodynamic  forcing  each  element  tends  towards  a 
morphological equilibrium which is defined as a function of hydrodynamic forcing and 
basin properties; the model was calibrated using historic bathymetric data. The values 
for  intertidal  volume  loss  varied  significantly  between  the  estuaries  suggesting  that 
some are more vulnerable to sea level rise than others. For example, the Dart Estuary has 
a limited sediment supply and was predicted to be very sensitive to small increases in 
the rate of sea-level rise. In contrast the Humber estuary has a large sediment supply and 
high  capacity  to  redistribute  sediment.  It  was  predicted  to  be  more  resilient  to 
morphological change driven by accelerated sea level rise and appeared unlikely to suffer 
significant  intertidal  loss  in  the  future.  Estuary  area,  sediment  supply  and  sediment 
transport were found to potentially influence the sensitivity of an estuary to sea level 
rise. 
Coastal Defence 
According to 2003 data, 2,385 million live within the coastal limit (defined as ranging 
from the continental shelf, the intertidal areas and adjacent land within 100km of the 
coastline), representing 41% of the world‟s population. About eleven per cent of the area 
of England currently lies within a flood risk area, on this land there are about 2.1 million 
properties  and  4.3  million  people  (Environment  Agency,  2007,  National  Audit  Office, 
2007). Of the 2.1 million properties at risk in England, 48.5 percent are at risk from 
flooding from the sea, 48 percent from rivers and 3.5 percent from both (Committee of 
Public Accounts, 2007), the risk to infrastructure is also significant. The expected annual 
damage from flooding in England has been estimated at £1.1 billion (excluding damage 
to transport infrastructure and agricultural land) (Environment Agency, 2007, National 
Audit Office, 2007) .  
Currently  there  are  24,000  miles  (38,600  km)  of  raised  defences  and  maintained 
channels  in  England  protecting  people  and  assets,  along  with  46,000  flood  defence 
structures  (Environment  Agency,  2007,  National  Audit  Office,  2007).  The  cost  of 
replacing all current flood defence in England is estimated at £20 billion (National Audit 
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The  societal  risk  to  flooding  is  predicted  to  increase  over  the  next  century  due to  a 
predicted rise in sea levels and increase in storminess. The Foresight Report predicts 
that the population of England at risk from coastal and river flooding could increase from 
1.6 million to between 2.3 and 3.6 million by 2080. Additionally the cost of damages in 
England and Wales due to coastal flooding could increase from between £1 billion to £20 
billion by 2080 (Evans et al., 2004).   
The  presence  of  manmade  sea  defences  can  constrain  the  ability  of  spatial  shift  of 
coastal geomorphology in response to sea level rise through „coastal squeeze‟ resulting 
in the flooding of coastal habitats (Townend, 2004). With the inability for salt marsh to 
migrate  landward  the  salt  marsh  in  front  of  the  sea  wall  is  more  frequently  flooded 
resulting in the reduction of upper species and increase in pioneer species, those most 
adapted to cope with tidal inundation or replacement with mudflats (Hughes, 2004). The 
installation of hard coastal defences also retains material from the eroding cliffs or land 
preventing the input of sediment from this source to the sediment budget. In a study of 
the Norfolk cliffs, Clayton (1989) found that since 70% of the cliffs were defended, the 
sediment available through erosion to the rest of the system had reduced by 70-75% of 
its  natural  level.  With  increasing  sea  levels  there  is  a  need  to  assess  the  cost  and 
capability of both hard and natural sea defences to sufficiently protect people and assets 
at  risk  of  flooding  whilst  also  taking  account  of  the impacts  of  hard  sea  defence on 
coastal geomorphology. 
In England and Wales the shoreline is currently managed under a Shoreline Management 
Plan, the first of which were produced in the mid 1990s. A Shoreline Management Plan 
(SMP)  is  a  large  scale  assessment  of  the  risks  associated  with  coastal  processes  and 
helps  to  reduce  these  risks  to  people  and  the  developed,  historic  and  natural 
environments (DEFRA, 2006). Coastal processes include tidal patterns, wave height, wave 
direction and the movement of beach and seabed materials. Stretches of the coast are 
divided in to management units and for each of these a management policy is defined 
under the following options; 
No active intervention- no planned active investment against flooding or erosion  
Hold the existing defence line-an aspiration to maintain the current artificial defence 
Managed realignment- allow the shoreline to move naturally  
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SMPs are required to be fully compliant with established technical feasibility, economic 
viability  and  environmentally  acceptable  criteria.  Since  the  1990s  a  number  of  major 
studies  have  provided  new  information  and  insight  to  shoreline management  (Bray  & 
Cottle, 2003a, Cope et al., 2007a, Evans et al., 2004, Hodge & Johnson, 2007, Turner et 
al., 2007). The limitations of „hard engineering‟ structures in preventing many coastal 
systems from functioning in a natural and self-regulating manner  has been recognised 
and addressed in a governmental strategy for flood and coastal defence in England and 
Wales (Pontee, 2005). This strategy recommended that solutions were „sustainable‟ over 
a timescale of 50 years and included assessment of the potential impacts and associated 
benefits to the adjacent coastline (Cooper et al., 2001a). It has been government policy 
for some time that more use should be made of natural flood defences. This policy has 
been  supported  by  both  the  government  review,  „Making  Space  for  Water‟,  which 
assessed the flood and coastal erosion risk management framework and an independent 
review of the floods in 2007 by Sir Michael Pitt, which recommend that more action is 
taken to work with rather than against natural processes (DEFRA, 2005b, Pitt, 2008).  
The second generation of Shoreline Management Plans (SMPs) are currently in production 
taking in to account these new studies. Many of these plans are currently under review 
with  future  editions  required  to  develop  plans  for  100  year  timescales.  Over  such 
timescales, the development of sustainable shoreline management policies is likely to 
involve working  with  natural processes rather than against them  (Pontee, 2005). This 
includes the use of sea defence which focus on the natural resilience of coastal habitats. 
These include beach nourishment, brushwood fencing and salt marsh creation (Doody, 
2004). For example, studies have shown that fronting hard defence with a natural sea 
defence such as salt marsh can significantly reduce construction and maintenance costs, 
as  they  attenuate  and  reflect  much  of  the  wave  energy  a  hard  sea  defence  would 
otherwise  have  to  resist  and  reduce  the  possibility  of  the  defence  being  overtopped 
(Cooper, 2005a, King & Lester, 1995, MÖller & Spencer, 2002b). These „softer techniques‟ 
focus on the dynamic nature of the coastline and accept that its position will change over 
time.  
 Spartina anglica  
Hythe and Calshot marshes on Southampton Water were the sites where the cord grass 
Spartina  alterniflora,  introduced  by  ship  from  America,  hybridised  with  the  native 
species Spartina maritima giving rise to the fertile polyploid Spartina anglica (referred to 
as S.anglica in the remainder of this thesis) in the late 1800’s (Marchant, 1967). The Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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hybrid species, S. anglica, is more salt tolerant than its predecessors and extensively 
spread in the 1930s. As S. anglica marsh extended it stabilised mudflats resulting in the 
deepening of navigation channels (Raybould, 2000). In fact in the 1900s the efficiency of 
S.anglica in stabilising mudflats led to its utilisation by private landowners as a method 
of reclaiming mudflats for agriculture and coastal protection with major planting efforts 
in the 1920s being carried out in the Thames and the Blackwater Estuaries, the Severn 
Estuary, the Dee and the Humber (Goodman et al., 1959). Extensive dieback was first 
recorded in  the Beaulieu  Estuary  in  1928  and became significant elsewhere including 
Lymington and Poole Harbour in the 1940s and 1950s. Morphological patterns of sward 
decline through dieback are marshes in which patches die, but not exclusively in the 
interior  marsh,  where  the dead  marsh  forms  pans  and loss of the raised marsh as a 
result of frontal wave and creek erosion without re-colonisation of the exposed shore 
(Cooper et al., 2001b, Goodman et al., 1959, Lawn, 2001, Tsuzaki, 2010). The dieback 
and  erosion  of  S.anglica  causes  sediment  to  be  released  from  storage  back  in  to 
circulation.  In  Poole  Harbour  the  release  of  sediment  from  the  dieback  of  S.anglica 
caused considerable shoaling of the channel between 1934 and 1954 (Raybould, 2000). 
Salt marsh vegetation can experience dieback due to a range of environmental stresses, 
either natural or human-induced. Natural stresses may be caused by excessive drought 
or water logging; burial by debris or excessive sediment; sediment starvation; natural 
build-up of toxic substances in the root zone; biological parasites and disease; or an 
increase in wave action (Manners, 1975). Gray et al (1991) highlight that dieback occurs 
most frequently in badly drained, water logged marshes that have highly anaerobic soils, 
and high sulphide content. Toxic levels of sulphide and anoxia in rhizomes have been 
implicated in the death of these plants. Humans may influence many of the foregoing 
„natural‟  processes,  but  the  most  common  human  induced  cause  of  dieback  involves 
pollution by oil, toxic chemicals or farm waste (Dicks & Hartley, 1982, Gray et al., 1991, 
Pye, 2000). It has been shown that salt marshes are able to recover from a single oil 
spillage  by  producing  new  growth  from  protected  underground  buds,  however  more 
prolonged inundation by heavy oils smothers the plants and interferes with the process 
of oxygen diffusion from the shoots down to the roots while light oils penetrate the plant 
tissues and disrupts membrane structures (Dicks & Iball, 1981, Gray et al., 1991). More 
rarely dieback is caused by excessive trampling, over-grazing or other inappropriate land 
use, and in some instances through the deliberate spraying of herbicide (Pye, 2000).  
In addition extensive analysis of isoenzyme and seed protein phenotypes indicates that 
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genetic base following a single origin or from a multiple origin from uniform parents. 
The  implications  of  this  could  help  to  explain  why  it  has  relatively  narrow  ecological 
amplitude.  The  niche  of  the  species  within  a  tidal  range  and  position  in  the  estuary 
gradient can be so well defined it is probably explained by its lack of genetic variation as 
well as the dominance of physical, rather than biological factors in determining its down 
shore  spread  (Gray  et al., 1991). The current dominance of  S.anglica swards by what 
appears to be a single genotype may be an inheritantly unstable situation since, like 
many agricultural crops, it will be vulnerable to epidemics (Burdon & Chilvers, 1982).  For 
example,  recently  there  has  been  a  rise in  infection  with  the ergot fungus (Claviceps 
purpurea (Fr) Tul.) on S. anglica populations in Britain. Ergot infects flower parts and 
replaces  grain  with  sclerotia  (a  hardened  mass  of  filaments),  which  could  potentially 
reduce seed production. In England ergot has reached epidemic proportions, with more 
than 90 per cent of flowering heads infected in some populations (Gray et al., 1991). 
Port Development 
The access to water for the import and export goods has historically encouraged the 
development of centres of population around ports and the associated development of 
port related industries. In 2005 thirteen out of the 20 most populated cities in the world 
were port cities (Nicholls et al., 2008). Ports require a coastal or estuarine location and 
this inevitably places them alongside important wildlife habitats and valuable landscapes 
creating  potential  conflict  between  port  and  industrial  development  and  nature 
conservation. Coastal environments are fragile and sensitive to changes associated with 
the wash from large vessels, the changing shape of the estuary through land claim and 
restoration and the impacts of channel dredging. 
The UK is an island nation with the prosperity of the nation being dependent on the 
ability to export services and high value manufactured goods and import goods and raw 
materials. Ports also support the energy sector by facilitating the import and export of 
energy  products  and  in  the  installation  and  maintenance  of  offshore  energy 
infrastructure. More than 95% by volume and more than 75% by value is transported by 
the  sea  (DfT-  Department  for  Transport,  2007).  The  UK  port  industry  contributes  £5 
billion per annum to the country‟s gross domestic product, and supports 54,000 jobs 
through  direct  employment  with  a  further  19,700  in  port  related  activities  (House  of 
Commons Transport Committee, 2007). In 2009 the total freight through UK ports was 
508  million  tonnes  (Mt),  highlighting  the  economic  importance  of  this  sector 
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Due  to  the  expense  of  air  travel  and  the  capacity  limits  of  the  Channel  Tunnel  the 
majority of trade is transported by sea. It is therefore vital for the economy that ports 
have adequate capacity to facilitate the movement of goods efficiently. Sir Rod Eddington 
(2006)  highlighted  that  some of  the country‟s  ports are showing signs of inadequate 
capacity. The forecasts of future port demands show a projected growth in demand over 
the next 30 years, particularly for the container, ro-ro and non-unitised sectors. Despite 
the current recession affecting this demand in the short term, the long-term demand is 
expected  to  resume  once  the  economy  recovers  (Department  for  Transport,  2009). 
Therefore there  is  a  need to  substantially  increase port capacity over the next 20-30 
years and improve the transport network to effectively transport goods once they arrive 
on  UK  shores  (Department  for  Transport,  2009).  Recently  improved  expansions  as  at 
Felixstowe/ Harwich, London Gateway and Mersey should help facilitate these demands 
to around 2020 but forecasts suggest that further capacity will be needed beyond that 
time  (DfT-  Department  for  Transport,  2007).  Without  further  port  expansion  delivery 
costs of goods could increase by some £140m per annum beyond 2030 increasing the 
costs of goods for the consumer (Eddington, 2006).  
Alongside the growth in trade and cargo there has been a steady increase in the size of 
container vessels (Figure 2.8). The first container ships, introduced in the 1960s had a 
capacity  of  around 1,100 TEU (twenty foot equivalent unit- a 20 foot long container); 
currently the largest vessel is the Emma Maersk which has a total capacity of 14,770 TEU 
(Wijnolst, 2010) with reports that Maersk, the market leader, is seeking to sign a letter of 
intent to develop a new class of mega-vessel capable of carrying 18,000 TEU (Business 
Monitor Online, 2010). The increase in ship size places a demand on ports to increase 
the depths of access channels and berths and to enlarge the land alongside to unload 
and store cargo  (Christopher  et  al.,  2007,  DfT-  Department for Transport, 2007).  To 
accommodate the increase in vessel size estuarine ports have either moved downstream 
towards  the  wider  estuary  mouth  or,  where  ports  have  remained  upstream,  their 
channels have been artificially deepened and widened through dredging.  Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 2.8 Growth in the dimensions of container vessels since mid 1950s (ABP, 2010). 
There have been a number of studies that indicate that port engineering and dredging 
works  have  resulted  in  changes  to  the  sedimentary  environment  of  some  estuaries. 
These changes range from short-term impacts on the health and distribution of the biota 
(Lewis et al., 2001, Rosenberg, 1977) to major changes in the sedimentary regime and 
morphology. Examples of extreme changes are the Seine and Ribble, which have been 
subject to significant deepening and the construction of training walls. In the Ribble, the 
effects  of  human  activity  on  the  morphological  development  of  the  estuary  have 
outweighed  the  effects  of  natural  forcing  factors,  such  as  changes  in  sea  level  and 
wind/wave climate, over the past 200 years (Van Der Wal et al., 2002). In some systems 
dredging  operations  and  spoil  disposal  have  been  shown  to  cause  an  impact  some 
distance from the source of the work (De Jong & De Jong, 2002, Quigley & Hall, 1999). 
The demand for dock side space to unload and load cargo has also seen large land claim 
works. As a result, estuaries have experienced considerable modification to their natural 
morphology leading to changes in water circulation patterns, tidal regime and sediment 
deposition patterns, causing knock on effects to natural habitats and wildlife  (French, 
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European  geography  is  such  that  about  42%  of  ports  are  affected  by  the  Habitats 
Directive  (European  SeaPorts  Organisation,  2004).  In  the  UK  about  80  of  the  170 
commercial  ports  are  in  or  near areas  protected under the Directive (ABP Research & 
Consultancy Ltd, 1999). Some 76% in area of estuaries in the UK are protected under 
European  designation  (Townend,  1997)  which  causes  conflict  between  the  need  to 
develop port areas and the need to protect habitats and species. Port development plans 
have been rejected due to the lack of environmental sustainability, such as the Dibden 
Bay development on Southampton Water, and those which have been successful due to 
appropriate  assessment  and  mitigation  for  environmental  impact,  such  as  at  Harwich 
Haven, have emphasised the need to appropriately consider environmental impact in the 
planning stages of development (Von Seht, 1999).  
Dredging 
There is a conflict between the natural morphology of estuaries and that required by 
industry, agriculture and urbanisation. Port authorities require straight, deep sub-tidal 
channels for easy access and manoeuvrability of vessels navigating the waters, this has 
resulted in large scale dredging to achieve this state (River and Coastal Environments 
Research  (RACER)  2004).  English  and  Welsh  ports  dredge  20-40  million  tonnes  of 
material  from  ports,  harbours  and  approach  channels  every  year  to  maintain  their 
channel depths (ABP Research & Consultancy Ltd, 1999). Between 2005 and 2007, an 
average of 19,407,702m
3 per year was disposed of to sea under Food and Environmental 
Protection Act (FEPA) licences (Environment Agency, 2009a).  
Channel depth is one of the most important parameters that control the sequence of 
estuarine mixing types. If river flow, tidal velocity and width are held constant then an 
increase in depth lowers the effectiveness of tidal velocities to promote vertical mixing 
between  lower  and  upper  estuarine  layers,  as  a  consequence  haline  stratification 
increases and the net volume transport in each layer is reduced. Therefore, river flow is 
more confined to the upper layer whereas salty inflow passes more effectively through 
the  lower  layer.  As  dredging  removes  entrance  shoals  or  bars  and  as  deepening 
increases the volume of the channel the ability of the river to hold back salt water is 
reduced.  As  a  consequence  salt  water  penetrates  further  landward  than  its  normal 
position and this leads to a corresponding landward movement of the null zone (a zone 
where the bottom flow changes from landward to seaward). The null zone is often the 
area  of  the  highest  concentration  of  suspended  particles  and  rapid  sediment 
accumulation  allowing  for  the  formation  of  shoals,  therefore  the  position  of  these Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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features moves landward (Nichols, 1988). Festa and Hensen (1976) found that salinity 
stratification  decreased  as  depth  increased.  This  is  true  only  near  the  mouth  of  an 
estuary; elsewhere an increase in depth caused increased stratification. For example, in 
Savannah  Harbour,  Georgia  U.S.  a  partially  mixed  estuary,  the  effects  of  successive 
dredging between 1923 and 1953 have been to drastically increase sedimentation rates 
from  2.1  to  5.5  x  10
6  m
3/yr  in  the  estuary  and  to  shift  the  position  of  maximum 
sedimentation 19km landward (Simmons, 1965).  The hydrodynamic changes and their 
effect  on  sediment  erosion,  deposition  and  transport  may  cause  secondary 
geomorphologic changes away from the dredge location, including significant turbidity 
particularly  in  fine  sediment  areas  (Schmeltz,  1987)  and  the  potential  erosion  of 
intertidal areas (ABP Research & Consultancy Ltd, 1999).  
An estuary subjected to capital dredging, if left alone with an adequate sediment supply 
will accrete back to its earlier form to re-establish an equilibrium depth in accordance 
with  tidal  hydraulics  (Nichols,  1988),  therefore  maintenance  dredging  is  required  to 
sustain depths (Morris, 2007). Buonaiuto and Kraus (2003) studied thirteen coastal inlets 
of the continental United States and found that dredged entrance channels have steeper 
slopes than natural channels, with maximum post dredge slopes of 6-8 degrees. From 
investigating a series of LiDAR surveys it was found that maintenance dredging of the 
entrance channel created 3-5 degree side slopes that decreased by 0.5-1 degrees per 
year for the next two years, to reach a natural state of 3 degrees. This indicated that 
dredged channels tend to re-establish equilibrium depth over time. However, this is of no 
use to a functioning port, and so maintenance dredges are carried out to remove the 
accreting material, this exacerbates the cycle of sediment loss from the estuary (Morris, 
2007).  
French  (1997),  reports  that  dredging  impacts  on  the intertidal  habitats  of  an  estuary 
through  a  series  of  environmental  modifications.  Deepening  and  widening  approach 
channels changes tidal propagation and can affect the ratio of intertidal to subtidal area 
exposed over a tidal cycle. This can impact on the bird populations by altering the area 
of exposed mud for feeding. Another response is erosion of foreshores and reduction in 
the volumes of sediment deposited on salt marshes and mudflats. The intertidal profile 
naturally  responds  to  changes  in  channel  depth  by  attempting  to  level  out,  with  the 
profile generally becoming steeper (Figure 2.9). A steeper intertidal profile will be more 
susceptible to creek incision and gulley erosion in to the mudflat. 
In many instances dredge material is deposited some way out to sea at licensed offshore 
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sources  that  would  have  potentially  deposited  on  inter-tidal  habitat  is  therefore 
completely removed from the estuary system reducing the potential sediment supply to 
the salt marsh and mudflats to keep pace with rising sea levels and keep their position in 
the tidal frame (Morris, 2007).   
 
Figure 2.9 Impact of dredging on an estuarine deep water channel: a- before dredging, 
and b- after dredging (French, 1997). 
Cox  et  al.  (2003)  compared  the  long  term  changes  in  salt  marsh  extent  from  aerial 
photography on the Westerschelde Estuary, SW Netherlands with dredging activities from 
1944-1998. The rate of landward retreat and seaward extension of the marsh front was 
shown  to  be  related  to  an  increase  in  the  tidal  prism  brought  about  by  dredging 
operations  to  maintain  or  increase  the  depth  of  the  main  navigable  channel  of  the 
estuary. The consequent greater frequency with which the high tides reached the edge of 
the fringing marshes was found to increase the risk of erosion. Additionally the marsh 
edge was found to be more vulnerable to scouring due to increased tidal velocities and 
increased  exposure  due  to  wave  action,  as  a  result  of  channel  deepening  and 
realignment (Cox et al., 2003).  
ABP Research & Consultancy (1999) suggested that the most adverse effects on estuaries 
are  due  to  capital  dredging  as  maintenance  works  have  occurred  over  many  years, 
removing relatively small amounts of material and become part of the equilibrium of the 
system.  However  it  is  more  likely  that  continuous  maintenance  dredging  causes Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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significant damage by preventing the channel and intertidal zone from re-establishing 
their natural equilibrium by altering the sediment budget. 
Land Claim 
Many of the estuaries in Britain now have a much smaller intertidal area than formerly 
due to  embanking  and reclamation  (Pye  &  French, 1993). Upper salt marsh has been 
reclaimed  for  pastoral  and  agricultural  use  since  the  Roman  occupation  of  England 
(Carpenter & Pye, 1996).The demand for dock side space to unload and load cargo has 
also seen large land claim works and many estuaries have experienced narrowing due to 
urban  developments  and  industry  (Coughlan,  1979,  Puente  et  al.,  2002,  McLoughlin, 
2000, Ghazali, 2006, Kestner & Inglis, 1956). 
Field evidence suggests that estuaries can behave in two ways to land claim. Land claims 
which  protrude  in  to  the  estuary  reduce  the  width  of  the  estuary  channel  causing  a 
concentration of wave energy and constricting tidal flow. As the same volume of water 
attempts  to  pass  a  smaller  channel  the  velocity  of  currents  is  increased,  sediment 
remains  in  suspension  and  is  transported  further  in  to  the  estuary  before  being 
deposited (Puente et al., 2002, Yang et al., 2003). For example, Pethick (1999) attributed 
the causes for the growth in the marshes on the River Yar, Isle of Wight, during the late 
nineteenth  and  early  twentieth  centuries  to  a  decrease  in  the  tidal  prism  caused  by 
marsh reclamation, the closure of a tidal mill pond and the constriction of the harbour 
mouth by a breakwater. Additional reclamation on the estuary to create a car/dingy park 
in the 1970s was believed to have further decreased the tidal prism and caused further 
accretion within the estuary. Where there is a good supply of sediment to the estuary 
from the adjacent coast deposition continues to occur in the estuary. The build up of 
deposited  sediment  then  increases  friction  with  the  water  flow  and  wave  amplitude 
decreases till an equilibrium state is achieved  (Carpenter & Pye, 1996). Such changes 
have been observed for example in the Dee, Ribble and the Wash in the UK (Kestner, 
1962, Kestner, 1975, Kestner & Inglis, 1956). 
However when there is little or no sediment available from the adjacent coast deposition 
of sediment will not occur. Therefore, as the area of the intertidal flats and salt marshes 
decreases  through  reclamation  but  the  cross-sectional  area  of  the  entrance  channel 
remains more or less unchanged then the frictional dissipation of tidal energy will be 
reduced, the flood tidal wave will progress more rapidly up the estuary and both tidal 
range  and  current  velocities  will  increase.  The  remaining  salt  marsh  is  likely  to Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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experience erosion, retreat of the marsh edge and internal dissection as marsh creeks 
undergo deepening, widening and head ward extension (Pye & French, 1993). Part of the 
eroded  intertidal  area  will  be  re-deposited  subtidally  in  the  channels  as  the  estuary 
strives to regain equilibrium (Carpenter & Pye, 1996), but in areas of ebb dominance a 
high proportion may be exported to the open sea (Pye & French, 1993).  Such patterns of 
erosion have been experienced in the Medway and Blackwater Estuaries (Carpenter & Pye, 
1996). 
2.5  Sediment Budgets 
A  sediment  budget  is  the  quantification  of  the  sources  of  sediment,  changes  in  the 
stores of sediment and sediment discharge from the system within a specific volume, 
such as an estuary (Jordon, 2006). Sediment budgets are typically calculated for cells and 
sub-cells,  the  boundaries  of  which  represent  discontinuities  in  rate  or  direction  of 
sediment transport.  
If  there  is  not  enough  sediment  in  the  system  to  maintain  salt  marsh  and  mudflat 
habitats these will erode changing the morphology of an estuary, if there is too much 
channels  can  accrete  causing  problems  for  navigation.  It  is  therefore  important  to 
understand the sediment budget when looking at potential management measures for 
estuaries. The method used to calculate a sediment budget will be highlighted along 
with the elements which are used to derive a budget for a natural and anthropogenically 
influenced estuarine system. This technique will be put in to practice in Chapter 4 and 5 
where  the  sediment  budget  for  Southampton  Water  will  be  calculated  to  satisfy 
objectives 2 and 3 (Chapter 1.5). The historic use of sediment budgets will be presented 
in this chapter to highlight how useful its calculation is in coastal management. 
2.5.1  Calculating the Sediment Budget  
The sediment budget is based on the conservation of mass (Hasholt, 2005), and can be 
expressed simply as: 
I= O + ∆S (Equation 2-1) 
Where I is the input to the system, O is the output from the system and ∆S represents 
the change in sediment stores within the system (Reid & Dunne, 1996, Swanson et al., 
1982) as illustrated in Figure 2.10. Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 2.10 Simplified sediment budget 
The equation can be applied at any scale of interest from an entire watershed to a single 
reach  of  a  stream  channel.  In  practice  the  equation  is  often  applied  separately  to 
suspended sediment  (fine sand,  silt  and clay)  and  bed load (coarse sand and gravel), 
since the physics of transport and storage of the two types of sediment are different 
(Jordon, 2006). However consideration must be given to the temporal and spatial scale 
over  which  the  sediment  budget  applies.  For  example  a  sediment  budget  developed 
based on pre- and post- storm data representing a day-to-month-length temporal scale 
within the direct vicinity of an inlet should not be extrapolated to forecast to temporal 
scales of years and decades for a region extending over several barrier islands. Similarly, 
a sediment budget developed based on a 50-year period cannot adequately bracket the 
seasonal fluctuation observed locally at a project site. Sediment budgets are commonly 
required  to  represent  periods  of  engineering  and  geomorphic  significance,  from  3-5 
years (dredging cycle at inlets) to 30-50 years (coastal engineering project time scales). 
Datasets  for  longer  periods  are  required  to  develop  the  sediment  budget  for  spatial 
scales reflecting the regional approach (Rosati & Kraus, 1999).  
Rosati  (2005)  highlighted  that  all  natural  and  anthropogenic  inputs  and  outputs  of 
sediment must be taken in to account within the sediment budget by further defining 
the budget as follows: 
(Σ Q source + P)  =     (ΣQ sink+ R)   + ∆V   (Equation 2-2)   
 
Where: 
Q source represents the input to the system, e.g. sediment input from rivers.  
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∆V is the net change in storage within the cell (i.e. the total change in the volume of 
sediment stored within the estuary) 
P  represents  inputs  of  sediment  to  the  cell  from  direct  human  activity,  e.g.  beach 
replenishment. 
R represents the amounts of material removed from the cell by direct human activity, e.g. 
dredging.  
If ∆V is positive this represents a net increase in the total mass of sediment held by 
stores effectively representing a system experiencing net accretion (a positive sediment 
budget). A negative ∆V represents a system in which there has been a decrease in the 
sediment held in stores, in other words a system experiencing net erosion (a negative 
sediment budget). Where a system is in an equilibrium state outputs are equal to inputs 
and there should be no net change in sediment stores (Cooper & Pethick, 2005). 
Sediment budgets often fail to present accurate values due to difficulties in delimiting 
coastal  cells  and  computing  their  volumes,  assigning  historical  dredging  and  beach 
nourishment  volumes  and  assigning  values  to  all  sources  and  sinks  (Pacheco  et  al., 
2008). The first steps in calculating a sediment budget should therefore be to identify 
the extent of the sediment cell, the elements which comprise the sediment budget, the 
availability of data to calculate these elements and the reliability and associated error 
associated with these. 
2.5.2  An Estuarine Sediment Budget 
An estuary provides a readily defined volume for the calculation of sediment budgets, 
although there are still fluxes at the boundaries (Townend & Whitehead, 2003). Sediment 
budgets for estuaries are generally more complex than those of fluvial systems because 
the  dynamics  of  an  estuary  are  complicated  by  the  estuary‟s  geometric  shape,  tidal 
variation, and inputs from both catchments and marine sources. Differentiating between 
the  relative  importance  of  the  various  gains  and  losses,  or  sources  and  sinks,  of 
sediments in an estuary enables a greater understanding of the processes involved in 
estuary infilling and geomorphologic evolution (Hossain & Eyre, 2002). 
Dolan  et  al.  (1987)  and  Kana  and  Stevens  (1992)  recommend  that  the  first  step  in 
developing  a  sediment  budget  is  to  establish  a  “conceptual  budget,”  which  is  a Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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qualitative  model  which  identifies  all  sediment  sinks,  sources  and  pathways  within  a 
defined volume, such as an estuary, before making any detailed calculations.  
Sediment Sources 
Most  of  our  understanding  of  the relative sources,  fluxes  and storage in  estuaries  is 
derived from studies of large temperate northern hemisphere estuaries (Bokuniewicz et 
al., 1976, Hobbs et al., 1992, Meade, 1982).  
Fresh inputs or sources of material are vital to sustain sediment circulations within cells, 
especially where there are continuous losses to sinks. Sources of material include coastal 
erosion (Yarbro et al., 1983), offshore to onshore transport (Eisma et al., 1982), fluvial 
inputs (Meade, 1969) and artificial beach nourishment (May, 1990), although the quantity 
of their retrospective contributions can change over space and time. Where there are 
significant  shortages  in  sediment  inputs  this  can  be  overcome  by  the  recycling  of 
existing  sediment  stores.  Eroding  coasts  are  an  obvious  source  of  material  but  the 
amounts yielded are dependent upon the retreat rate and the land elevation (Bray, 1992, 
Bray et al., 1995). 
The amount of sediment supplied to the littoral zone and its distribution within it is 
dependent on sediment size, its resistance to attrition, and the environmental conditions 
at the point of supply.  Beaches vary with respect to their exposure to wave energy. The 
minimum  size  of  stable  sediment  increases  at  higher  energy  locations,  therefore  on 
exposed coasts only coarse resistant materials are stable and a high proportion of finer 
sediment is transported offshore. On more sheltered coasts a much larger proportion of 
sediment will be stable. The geology of the cliff supplying the beach material is also 
important, a greater residual contribution to the beach occurs where high proportions of 
coarse resistant sediments are delivered  (Bray et al., 1995). There are several studies 
which have shown, using remote sensing techniques, that clays yielded from erosion of 
open coasts can be a major source of suspended sediments in estuaries (Lacey, 1985, 
MacFarlane,  1984,  Srisaengthong,  1982).  There  is  therefore  a  need for  the continued 
input from yield coasts to maintain the stability of present sediment circulation systems  
Extensive hard protection of some coasts has lead to the cessation of cliff erosion inputs. 
Many cells have readjusted by recycling existing littoral stores, however this can only 
continue if there are large littoral stores, if not the response is that beaches become 
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artificial beach restoration and recycling to maintain sediment circulations and budgets 
(Bray et al., 1995).    
Fluvial  input  is  also  dependent  on  the  underlying  sediment  type,  for  example  in  the 
Solent many of the rivers are underlain by chalk resulting in low sediment deposition and 
high  solute  loads.  Flows  can  be  controlled  by  weirs,  floodgates  and  other  forms  of 
regulation;  these  restrict  the  flow  of  bed  load  which  means  that  river  supply  mainly 
consists of suspended sediments which are typically deposited in harbours and estuaries 
(Bray et al., 1995). 
Artificial replenishment of beaches has become an increasingly widespread practice since 
the mid 1970s (May, 1990). Where material is derived from co-extensive mobile deposits, 
such as dredge material from channels, this represents a recycling of material within a 
sediment  cell  (Riddell,  1992).  There  is  also  a  demand  to  treat  dredge  material  as  a 
resource rather than a waste which may encourage its beneficial use in this way.  Where 
materials are artificially transported across cell boundaries there is a possibility that the 
„donor‟ cell will suffer permanent destabilising sediment loss. Such practices should only 
occur  where  the  donor  cell  has  a  sediment  surplus  or  can  compensate  with  high 
sediment fluxes (Bray et al., 1995).  
The availability of natural sediment sources is particularly important in view of estimates 
of increasing rates of sea level rise and possible storm climate variation likely to result 
from global warming (IPCC, 2007, Nicholls, 1998). Models suggest that sediment yields 
from  eroding  soft  rocks  are  likely  to  increase  correspondingly,  provided  they  remain 
unprotected (Bray, 1992). Such sources are vital in facilitating the natural adjustments to 
shore profiles (Leatherman, 1990), so there is a strong case for advance planning for the 
management of cliff protection and managed retreat (DEFRA, 2005b, Kay, 1990) . Where 
coastal protection is vital it may be possible to retain or restore the supply by permitting 
coastal  erosion  updrift  (Bray  et  al.,  1995).  Such  management  of  sediments  is  only 
possible  through  the  thorough  understanding  of  littoral  cells  to  identify  sediment 
sources and pathways. 
Sediment Stores  
Sediment can be temporarily stored in coastal features such as sandbanks; salt marshes 
and mudflats; as deposits on the channel bed and subtidal bed. This sediment can be 
readily  eroded  or  deposited  back  into  or  from  the  estuary  mobile  sediment  supply 
(McDowell & O'Connor, 1977, Pethick, 1984, Townend & Whitehead, 2003). In addition Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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material is stored in suspension within the volume of water that moves back and forth 
under  tidal  action  within  the  estuary  (Townend  &  Whitehead,  2003).  The  storage 
efficiency  is  commonly  dependent  on  the  system  hydraulics,  this  means  there  is  an 
increase in sediment retention with an increase in the flushing time (Eisma, 1993). 
The majority of accumulations are mobile as confirmed by numerous studies involving 
comparisons  of  maps  and  charts,  bedform  analysis  and  sediment  sampling.  Dynamic 
stores of this type perform important coast protection roles by dissipating wave energy 
and can also release sediments to adjacent beaches, thereby providing a buffering effect 
to  resist  further  shoreline  changes.  Most  beaches  are  of  very  limited  volume  by 
comparison  and are  maintained  by  throughputs from contemporary sediment sources 
and recycling between major stores (Bray et al., 1995).   
The  recycling  of  material  between  stores  can  be  prevented  through  maintenance 
dredging activities where sediment is regularly removed completely from the cell to an 
approved  dumping  site.    Sediment  which  may have  dispersed  across  the estuary and 
marsh  environments  or  along  the  coastline  is  permanently  removed  with  human 
intervention disturbing the natural throughput of sediment (Cook et al., 2007, Morris, 
2007).  
Sediment Sinks 
Sediment can be removed from the local estuary system permanently through natural 
processes  and  human  pressures.  Human  induced  outputs  to  the  sediment  budget 
include: coastal protection, which reduces fine sediment input to the longshore drift cells 
that  feed  distal  soft  sediment  coastal  habitats;  capital  and  maintenance  dredging  of 
marinas and channels and; reclamation, which reduces sediment input from previously 
exposed land (Lawn, 2001). Upstream damming of a river can also cause a reduction in 
sediment  deposition  within  an  estuary  due  to  the  reduction  in  the  delivery  of  fluvial 
sediment (Hopkinson & Vallino, 1995, Meade, 1982). Although dredging results in the 
direct removal of sediment it can also increase sedimentation as the estuary tries to re-
establish the pre-dredging equilibrium (Nichols, 1988).  
Figure 2.11 and Figure 2.12 identify the major inputs and outputs of sediment which 
may enter the conceptual model of a natural and human influenced estuary. It can be 
seen that although areas such as salt marsh can act as sediment stores as sediment 
stabilises,  erosion  of  these  areas  results  in  a  source  of  sediment  for  the  rest  of  the 
estuarine system and through their accretion they can act as sediment sinks.   Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 2.11 Elements of a generic conceptual model  for the sediment budget of a natural estuarine system (adapted from (ABP 
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Figure 2.12 Elements of the conceptual model for the sediment budget of a human influenced estuary (adapted from (ABP Marine 
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Sources of data 
Once the conceptual model is developed for a site, data are assimilated to validate it. Magnitude 
and rates of storage change may be estimated using shoreline position data; beach profile data; 
bathymetric change data; aerial imaging or shoreline change rates. Sediment budget pathways 
can  be  estimated  through  knowledge  of  the  site,  by  examining  aerial  photographs;  field 
observations of drogue or dye movement; through interpretation of engineering activities such 
as channel dredging and evolution of beach fill; and mapping of bed forms on the sea floor 
using side scan sonar (Rosati, 2005).  
 
Human induced removal and placement of dredged material or beach fill must be included in the 
sediment budget if relevant for the study period. In order to estimate the volume of sediment 
removed by dredged and any subsequent placement of the material the type of equipment used, 
time frame of removal and placement and the type of material must be known. The period of the 
dredging cycle must also be considered. If dredging occurred over several months, seasons or 
years  a  dredging  quantity  based  on  pre-dredging  and  post-dredging  surveys  represents  the 
shoaling of the channel between these time periods. The type of material dredged and placed 
may alter the estimate of the true volume, for example fine sediments may be suspended during 
nearshore placement and thereby overestimate the quantity introduced to the budget. Also if 
dredging equipment is damaged in the course of work or must leave the site because of weather 
scheduling the resultant volumes might underestimate the gross rate for that period (Rosati, 
2005).  
Few  estuarine  sediment  balances  evaluate  all  the  major  inputs,  outputs  and  sinks  with  one 
major component, usually ocean exchange, determined by the difference (Hossain & Eyre, 2002) 
due to the difficulty in its measurement (Kjerfve et al., 1981). 
Uncertainty Analysis 
The  main  constraint  on  performing  sediment  budget  calculations  is  the  availability  of  good 
quality  datasets,  comprised  of  frequent  observations  over  long  time  periods,  and  an 
understanding of the uncertainties associated with the data (Pacheco et al., 2008).  
Types of data which can be analysed to determine the sediment budget include: existing plans, 
charts and surveys; aerial imagery including vertical aerial photographs,  Light Detection And 
Ranging  (LiDAR)  and  Compact  Airborne  Spectrographic  Imager  (CASI)  and  existing  literature 
including published papers, theses and technical reports (Pacheco et al., 2008).  
Each element within the budget will have an error associated with it due to operational error, the 
restricted accuracy of equipment and the method by which its changes are measured (Kraus & Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Rosati,  1999,  Cooper  et  al.,  2002).  Errors  in  measurements  have  decreased  with  time  as 
equipment  has  increased  in  accuracy  and  guidelines  have  been  put  in  place  in  order  to 
standardise measurement procedures (Kraus & Rosati, 1999, Cooper et al., 2002). Accounting 
for  uncertainties  in  the  various  components  that  comprise  the  sediment  budget  yields  an 
indicator of the reliability of the budget, as well as the bounds for judging the range of values 
which define the least certain quantities (Kraus & Rosati, 1999). If errors have been taken into 
account and the sediment budget does not balance this may indicate a deficiency in the data set 
forming the budget (Dolan et al., 1987) or a misunderstanding in certain physical processes and 
assumptions (Inman, 1991) and the budget should be reviewed to ensure all elements have been 
accounted for. 
Measured  or  reported  values  entered  in  to  a  sediment  budget  calculation  consist  of  a  best 
estimate (BE) and its maximum uncertainty (Kraus & Rosati, 1999). The maximum uncertainty is 
the sum of all the errors of each element associated with the sediment budget, and the best 
estimate is the square root of the sum of the square of each element‟s error squared (or root 
mean square) (Rosati, 2005). 
Therefore, if x, y and z represent elements of the sediment budget such as input of sediment 
from sea or input from eroding marshes:  
Maximum Error = Error of x + Error of y + Error of z (Equation 2-3) 
Root Mean Square = [(Error of x)
 2 + (Error of y)
 2 + (Error of z)
 2]
0.5 (Equation 2-4) 
The root mean square (rms) calculations treat the relative uncertainties of the sediment budget 
as  independent  and  random.  The  rms  accounts  for  a  value  which  is  not  as  extreme  as  the 
maximum error and therefore may be more representative of the actual associated error (Rosati, 
2005).  
The  errors  for  each  element  of  the  sediment  budget  should  be  presented  and  used  for 
computing  a  final  budget  error  when  balancing  the  cell.  This  procedure  will  allow  the 
identification  of  information  gaps  requiring  the  collection  of  further  data  for  budget 
improvement and indicate the level of confidence which should be used when interpreting the 
budget  (Pacheco  et  al.,  2008).    The  importance  of  identifying  the  errors  associated  with  a 
sediment budget‟s certainty are realised in this thesis, under objective 3 (Chapter 1.5) the error 
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2.5.3  Sediment Budgets as a Management Tool 
is characterised by the input, transfer, storage and output of sediment has long been promoted 
by coastal researchers to investigate the impacts of different Sediment budgets can be used to 
identify  the  possible  causes  of  erosion  and  deposition  of  sediment  and  anticipate  where 
sediment  will  be  deposited,  how  long  it  will  be  stored,  and  how  long  it  will  take  to  be 
remobilised (Hasholt, 2005). The change in sediment budgets over different time periods can be 
investigated,  from  short  term  conditions,  such  as  changes  between  seasons,  to  longer  term 
periods, such as changes over decades. The time scale and rates taken to respond to changes in 
the sediment budget are important to consider. For example, storms can result in a rapid near 
discontinuous increase to the sediment input to an estuary over a short time scale, whereas a 
change in waves or currents can lead to a gradual change. In addition to gradual long term 
trends, near continuous and periodic changes can occur as a result of storms, changing weather 
patterns,  dredging  and  modifications  to  marinas  (Holliday  et  al.,  2002).  It  is  the  large  scale 
variations in fluxes and storage covering decades and tens of kilometres that determine the net 
effects  of  sediment  change  on  large  scale  coastal  morphology  (Cambers,  1976).  Analysis  of 
sediment movement and storage at a large scale requires comprehensive datasets measured 
over a long period which has restricted the number of studies of this type. 
A budgetary approach in which the coastland uses on erosion or sedimentation rates in different 
systems (Bowen & Inman, 1966, Davies, 1979, Krumbein, 1968, Lakhan & Trenhaile, 1989). The 
sediment budget can be used to investigate the impacts of changing sediment supplies on the 
coastal system and the large-scale morphological responses associated with these (Gelfenbaum 
et al., 1999, US Army Corporation of Engineers, 1992). Recognition of both the long term and 
short term influences of sediment fluxes on coastal morphology should be considered. Through 
improved  understanding  of  the  sediment  budget,  managers  can  prioritise and focus  erosion 
control by managing the movement of sediment within the system. While sediment budgets are 
site specific they constitute one of the most important design elements in erosion control works 
and beach nourishment plans (Kana & Stevens, 1992). 
Townend and Whitehead (2003) quantified the sediment budget of the Humber Estuary to define 
the sustainable functional geomorphology of the estuary for the Environment Agency to develop 
suitable flood defence planning.  
Cooper et al. (2001a) produced a sediment budget for Poole Bay to assess the most appropriate 
strategy for coastal management. It was found that the major problem concerning Poole Bay was 
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that the primary cause of this deficit was due to coastal defences constructed in the 1890s to 
protect Poole Bay as a tourist resort, this had stopped cliff retreat resulting in the starvation of 
littoral sediment to beaches. Groyne fields had been constructed between 1915 and 1969 to 
protect the Bay and had been fairly successful at trapping sediment on the beach in the short 
term.  However  it  was  suggested  through  the  study  that  a  longer  term  solution  should  be 
continued beach replenishment with maintenance of the existing seawall to prevent cliff erosion 
and groyne defences to stabilise sediment.   
In a similar study Harlow (1979) found that despite sea walls and groynes being installed on the 
front  at  Hayling  Island  beach  erosion  had  not  been  prevented.  Harlow  established  a  littoral 
sediment budget to aid the design of appropriate coastal protection measures. The sediment 
distribution  pattern  on  the  beach  and  nearshore  seabed  was  established  with  the  aid  of  a 
sampling programme and diving inspection and it was found that the basic problem was that 
there was a declining source of beach material to maintain littoral drift. From developing an 
understanding of the sediment budget it was suggested that beach re-nourishment be part of 
the protection strategy for the entire coastal unit using dredge material or from an onshore pit.  
Harlow  (1979)  and  Bray  et  al.  (1995),  both  highlighted  that  a  broader  approach  to  coastal 
protection works is advocated with coastal units forming the divisions of the sediment budget, 
rather than local authority boundaries. Cooper et al. (2001a) highlighted the value of sediment 
budgets on a large scale by relating impacts to the sediment budget to common management 
policies regarding shoreline management plans in the UK.  
Several studies have also effectively constructed historic sediment budgets to investigate the 
impact of engineering works on a variety of systems. For example, the historical map data was 
used to calculate the change in the sediment budget of the Mississippi River from 1877, it was 
found that there had been major degradation of the channel, including the growth of channel 
bars, as a result of human modifications including dams, reservoirs and concrete revetments 
(Kesel, 2003, Kesel et al., 2006). Van der Wal et al. (2002) prepared a historic sediment budget 
for the Ribble Estuary which identified the locations of sediment accumulation and loss within 
the estuary due to a number of forcing factors including reclamation and dredging. Also, Rosati 
et al. (1999) investigated the change in the historic sediment budget of Fire Island to Montauk 
Point region, New York, USA between 1979 and 1995 in order to evaluate the impact of sand 
management  on  the  evolution  of  its  barrier  island  and  inlet  system,  and  highlighted  the 
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Once the sediment budget is constructed it can be altered to explore the results of changing 
conditions within the study site (Rosati, 2005). For example a sediment budget could be used to 
identify the reasons for a decline in salt marshes in an estuary. Calculation of the sediment 
budget could identify whether the salt marshes were declining in volume due to a decline in the 
input of sediment or an increase in outputs through an increase in erosion. Once the cause of 
the  decline  in  the  sediment  sustaining  the  salt  marsh  volume  is  identified,  management 
techniques can focus on tackling the problem appropriately. For example, if it was found that 
external influences such as the presence of coastal defence works on an adjacent coastline was 
preventing a supply of sediment reaching the salt marsh management options could include 
removing the current hard defences or recharging the intertidal zone.  
These studies have confirmed that the concept of quantifying the sediment budget is a valid and 
well  used  coastal  management  technique.  One  of  the  objectives  of  this  thesis  (objective  2, 
Chapter  1.5)  was  to  quantify  the  sediment  budget  of  Southampton  Water  in  order  to  guide 
sediment  management  within  the  estuary.  This  follows  a  study  by  Williams  (2006)  which 
indicated that there was a decline in salt marsh area within the estuary over the last century. 
The salt marshes are protected by European designation for their conservation value indicating 
a need to understand the reasons for their erosion and production of a targeted management 
scheme to prevent their disappearance.  This thesis will build on previous studies on sediment 
budgets  by  relating  changes  in  the  sediment  budget  to  the  other  elements  of  the  dynamic 
equilibrium, these being morphological and energy dispersal. The confidence of the sediment 
budget and morphological changes will be quantified (objective 3, Chapter 1.5). These changes 
will then be related to changes in the drivers and pressures which an estuary faces through use 
of  the  Driver-Pressure-State-Impact-Response  model  to  identify  possible  management  gaps 
(objectives 1 and 5, Chapter 1.5). 
2.6  Pressures on Estuaries 
As  introduced  in  Chapter  1.3  the  Driver-Pressure-State-Impact-Response  (DPSIR)  framework 
(Organisation for Economic Cooperation and Development (OECD), 1993) will be used to provide 
more detail about both the natural and anthropogenic pressures and potential impacts of these 
on an estuary system. The framework will then be used to provide a baseline understanding of 
the drivers and pressures of estuarine change that Southampton Water faces with a prediction of 
the state, impact and response to these based on literature review (Objective 1, Chapter 1.5). 
Data from Southampton Water between 1783 and 2008 will then be used to quantify the state of 
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5)  before  then  focusing  the  management  techniques  which  should  be  used  on  the  estuary 
(Chapter 6).   
Given the diversity of estuaries and environmental conditions surrounding them each estuary is 
impacted to different degrees by the elements of the DPSIR framework and with different relative 
importance. This means that both environmental assessments of condition and management 
options  cannot  take  a  “one  size  fits  all”  approach  but  must  be  tackled  on  a  site  by  site 
evaluation.  
The  DPSIR  framework  is  a  useful  method of  assessing  the natural  and anthropogenic  forces 
which result in estuarine change. The natural drivers, pressures, states, impacts and responses 
represent the elements which occur despite man made interference with the estuary system. 
They  are  the  baseline  factors  which  need  to  be  considered  when  designing  an  estuary 
management plan. The natural drivers to estuarine change can be amplified by anthropogenic 
drivers to increase the pressures faced by estuaries, for example the placing of man made sea 
defence combined with rising sea levels results in the coastal squeeze of habitats. The Drivers, 
Pressures, State, Impacts and Responses that an estuary can face were compiled from a review 
of literature and are summarised in Figure 2.13. These are then presented in greater detail for a 
natural system in Table 2.2, and for an anthropogenically influenced system in Table 2.3. 
Through review of literature it was highlighted that the natural and anthropogenic pressures on 
estuaries often overlap which exacerbates their impacts. It was also highlighted that the impacts 
of these pressures are often similar which means that it is difficult to distinguish cause from 
effect. Estuary management must therefore consider the cumulative impact of all estuary drivers 
in order to effectively manage the estuary. It must also be noted that all estuaries are different 
and management must be designed on a site by site basis. The main impacts on the estuary 
system from the natural and anthropogenic drivers were changes in the way in which energy 
was dispersed in the estuary; the way sediment was dispersed and changes in the estuarine 
morphology- the contributors to a change in dynamic equilibrium. Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure  2.13:  A  synthesis  of  the  Driver,  Pressure,  State,  Impact  Response  (DPSIR)  Framework  for  an  estuary  system,  summarised  from 
literature review. 
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Driver  Pressure  State   Impact   Response 
Climate 
Change 
Change in temperature   The natural greenhouse effect is a process whereby thermal 
radiation from the Earth‟s surface is absorbed by atmospheric 
gases and re-radiated.  This effect has been enhanced by the 
release of greenhouse gases through industry and agriculture 
contributing to global warming. Over the next century the best 
estimate for global average surface air warming is 1.8
oC to 4.0
 
oC (at 2090-2099 relative to 1980-1999) (IPCC, 2007). 
Temperature change may affect the salinity of soils 
through increasing the rate of evaporation on the 
soil surface and therefore increasing relative salt 
content. High soil salinity may lead to the death of 
plants and the formation of salt pans; these areas 
are more susceptible to erosion as they are not 
protected by vegetation (Hughes, 2004).  
The Kyoto protocol emerged from the UN Framework 
Convention on Climate Change which was signed by nearly all 
nations in 1992. The framework pledges to stabilise 
greenhouse gas concentrations “at a level that would prevent 
dangerous anthropogenic interference with the climate system”. 
The treaty came in to force in 2005. Under Kyoto industrialised 
nations pledged to cut their yearly emissions of carbon, as 
measured in six greenhouse gases, by varying amounts 
averaging 5.2% by 2012 as compared to 1990 (Newell, 2007). 
Climate 
Change 
Rising Sea Levels  
(Sea level rise is caused by 
the expansion of sea water 
as it warms up in response 
to climate change and the 
widespread melting of land 
ice) 
Sea level has been measured using tide gauges and satellite 
altimeters since 1992.  
Pugh (1987) states observed sea level is a combination of:  
  Mean Sea Level (The average height of the sea 
over an extended period of time): Tide gauge 
observations show a rise of 1.7m +/-0.5 mm/year 
over 20th century globally (Bindoff et al., 2007) 
  Tidal Component (part of the sea level driven by 
astronomical forcing): Nodal cycle causes tide to 
cycle over 18.6 year cycle, amplitude is about 3.7% 
of tidal range (Pugh, 2004) 
  Non Tidal Residual (primarily contains the 
meteorological contribution to sea level): evidence 
between 1970-2000 indicated an increase in 
storminess and wave heights in Britain  
(Grevemeyer et al., 2000) however an examination 
of storm patterns indicated this may be part of a 
longer cyclical variation (Alexander & Tett, 2005) 
Spatial shift of coastal geomorphology (Pethick & 
Crooks, 2000). As depth of water increases at 
shore there is a resulting enhanced wave and tidal 
energy along the coast in response coastal 
landforms migrate (Pethick, 1996).  
Management should focus on allowing space for estuary 
profiles to spatially shift in response to sea level rise (Pitt, 
2008).  
Also see response to changes in temperature above.  
Climate 
Change 
Change in precipitation   The standard method of measuring precipitation is through the 
use of a rain gauge, forecasts can be made using models 
(Hulme, 1995). According to the Intergovernmental Panel for 
Climate Change (2007) global temperature rise is likely to lead 
to changes in precipitation because of changes in atmospheric 
circulation. 
A change in precipitation can change the supply of 
sediment brought into estuaries by rivers (Hughes, 
2004). During floods the salt intrusion into an 
estuary is pushed seawards increasing the effect of 
flushing sediment out through the estuary mouth 
(Meade, 1969). 
An account must be made of changes in the input of flooding or 
changes in the sediment input from rivers so that the impacts of 
changing precipitation are not mistaken for the impacts of any 
other factor influencing an estuary which may be managed 
more easily than a flood event. 
Also see response to changes in temperature above. 
Cliff Erosion  Change in sediment budget 
inputs 
Rate of cliff erosion can be measured using remote sensing 
techniques, the rate will vary on a site by site basis (Clayton, 
1989, Lee et al., 2001, Young & Ashford, 2006, Posford 
Duvivier, 1997a) 
Clays yielded from erosion of open coasts can be a 
major source of suspended sediments in estuaries 
(Lacey, 1985, MacFarlane, 1984, Srisaengthong, 
1982). A decline in cliff input can occur naturally as 
more durable rock becomes exposed causing a 
reduction of the available sediment to feed salt 
marshes, mudflats and channels (Bray et al., 1995). 
 
If inputs of sediment decrease then management responses 
should be to encourage the recycling of sediment within the 
sediment system or to decrease sediment outputs in order to 
maintain the sediment budget (Cooper, 2004).  
Table 2.2 A synthesis of natural drivers to estuarine change, and their pressures, states, impact and responses. 
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Driver  Pressure  State   Impact   Response 
Shipping  Species 
Introduction 
 
The formation of S. anglica following 
species introduction is described in 
Chapter 2.4.4. 
S. anglica is more salt tolerant than its 
predecessors and can therefore grow 
lower in the tidal frame (Raybould et al., 
2000). 
In Britain S. anglica is widespread 
around the east and west coasts and is 
still expanding in the west (Huckle et al., 
2004). However, on the south coast, 
having initially spread extensively, it 
died back (Doody, 1984). 
Extensive dieback of S. anglica was first 
recorded in the Beaulieu Estuary in 
1928 and became significant elsewhere, 
including Lymington and Poole Harbour, 
in the 1940s and 1950s (Goodman, 
1959).  
The original spread of S. anglica stabilised mudflats resulting in the deepening of 
navigation channels (Raybould, 2000). In some areas of England the spread of S. 
anglica is welcomed as a method of combating coastal defence, in others it is 
considered a problem as it results in the narrowing of channels (Lacambra et al., 
2004).  
In the 1900s the efficiency of S.anglica in stabilising mudflats led to its utilisation 
by private landowners as a method of reclaiming mudflats for agriculture and 
coastal protection (Goodman, 1959).  
The dieback of S. anglica  results in the release of the sediment previously bound 
by salt marsh roots, this can cause the accretion of mudflats and estuary channels 
as found in Poole Harbour (Raybould, 2000). The regular removal of the fine 
material out of the estuary system through processes such as dredging means 
that the potential natural cycle whereby marsh erodes to mudflat which then 
stabilises and results in marsh re-growth means that this cycle fails and results in 
the subsequent flattening of the intertidal zone (River and Coastal Environments 
Research (RACER) 2004).  
There is no consensus about the management of S. anglica in 
the UK. There are 3 main strategies (Lacambra et al., 2004): 
• in some areas of England it has been reported as a problem 
and controlling measures have been applied, e.g. Lindisfarne 
and Morecambe Bay; 
• in other areas, S. anglica is not considered a problem and is not 
controlled or protected e.g. Bridgewater Bay; 
• other areas still use S. anglica for combating coastal erosion 
and thus its spread is encouraged: e.g. west Sussex. 
Investigations into the causes of dieback continue, these can 
inform management of the species (Goodman & Williams, 1961, 
Webb et al., 1995, Bason et al., 2007). The exact cause of S. 
anglica dieback is unknown; investigations are exploring the 
impacts of a range of environmental stresses, both natural and 
human-induced. Natural stresses may be caused by excessive 
drought or waterlogging, burial by debris or excessive sediment, 
sediment starvation, natural build-up of toxic substances in the 
root zone, biological parasites and disease or an increase in 
wave action (Manners, 1975).  
 
Urbanisation and 
Industrialisation 
Coastal 
defence 
 
Extensive hard protection of some 
coasts has lead to the cessation of cliff 
erosion (Cooper et al., 2001a, Harlow, 
1979).  
Coastal defences can stop the supply of sediment down shore from cliff erosion 
resulting in a sediment starved system prone to erosion (Cooper et al., 2001a, 
Harlow, 1979). For example in a study of the Norfolk cliffs, Clayton (1989)  found 
that since 70% of the cliffs were defended, the sediment available through erosion 
to the rest of the system had reduced by 70-75% of its natural level.  
Hard defences can obstruct long shore drift and prevent the free movement of 
sediment along the coast (French, 2001), it is important therefore to investigate 
the impact of coastal defences on areas downstream as well as directly in front of 
coastal defences. 
An increase in flood protection costs is associated with the loss of salt marsh and 
mudflats resulting from a sediment starved system (Cooper, 2005a, King & 
Lester, 1995). 
The UK government has been promoting a strategic approach to 
coastal management through the use of Shoreline Management 
Plans and more detailed local coastal strategy plans (SMPS; 
(Cooper et al., 2002, DEFRA, 2005b, DEFRA, 2005a, Leafe et 
al., 1998). These plans take a strategic view of coastal 
processes and associated risks over extended timescales (up to 
100 years). A broad range of options, including managed 
realignment of sea defences as well as measures to prevent 
erosion and flooding are considered. Where beaches are 
depleted there is an increasing need for artificial beach 
restoration and recycling to maintain sediment circulations and 
budgets. Removal of unneeded hard sea defences can release 
sediment back in to the system (Pontee, 2005).  
Urbanisation, 
agriculture and 
industrialisation 
Land Claim   Upper salt marsh has historically been 
claimed for pastoral and agricultural 
use. Urbanisation and industrial 
developments have also lead to large 
scale land claim of salt marshes and 
mudflats (Pye & French, 1993). 
Land claims which protrude into an estuary can reduce its width causing a 
constriction of wave energy and tidal flow resulting in sediment being transported 
further into the estuary before being deposited (Puente et al., 2002, Yang et al., 
2003). Where there is a good supply of sediment to the estuary from the adjacent 
coast deposition continues to occur in the estuary. The build up of deposited 
sediment then increases friction with the water flow and wave amplitude 
decreases till an equilibrium state is achieved (Carpenter & Pye, 1996). 
Alternatively if  there are insufficient sediment supplies as land claim results in a 
reduction of the intertidal area but the cross sectional area of the entrance 
channel remains the same frictional dissipation of tidal energy will be reduced, the 
flood tidal range and current velocities will increase and the remaining intertidal 
area is likely to experience erosion (Pye & French, 1993) . 
Land claim is now considered under Article 6.3 of the EC 
Habitats and Species Directive (92/43/EEC) which states that 
any plans or projects which are likely to have a significant effect 
on a site in view of its conservation objectives should only take 
place if no other options are available and if it is of overriding 
public interest, in which case compensatory measures should be 
taken. This has dramatically reduced the land claimed in the UK 
though the ongoing impacts of historic land claims must be 
considered in estuary management plans. 
Table 2.3 A synthesis of anthropogenic drivers to estuarine change, and their pressures, states, impact and responses.   
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Driver  Pressure  State   Impact   Response 
Industrialisation  Pollution  Industrial and agricultural pollution can 
cause dieback of salt marsh plants 
(Dicks & Hartley, 1982, Gray et al., 
1991, Pye, 2000)  
It has been shown that salt marshes are able to recover from a single oil 
spillage by producing new growth from protected underground buds, 
however more prolonged inundation by heavy oils smothers the plants and 
interferes with the process of oxygen diffusion from the shoots down to the 
roots and light oils penetrate the plant tissues and disrupt membrane 
structures (Dicks & Iball, 1981, Gray et al., 1991). Depletion of S. anglica 
marshes through processes such as dieback weakens the soil structure 
resulting in the release of large volumes of fine sediment (River and 
Coastal Environments Research (RACER) 2004) 
Transplantation of S. anglica and monitoring schemes can be 
used as a direct response action (Dando, 2005). Through 
understanding the cause of dieback the response to how best to 
manage the recovery of the species can be targeted. The 
European Water Framework Directive (WFD; 2000/60/EC) 
provides further protection for estuaries from pollution the objective 
of which is to achieve „good ecological quality status of all water 
bodies by 2015. The WFD requires member states to collect 
information regarding anthropogenic pressure to which surface 
waters are liable to be subjected therefore will highlighting where 
management is required.(Borja et al., 2006). 
Port Development  Dredging   Port authorities require straight, deep 
sub-tidal channels for easy access and 
manoeuvrability of vessels navigating 
the waters (River and Coastal 
Environments Research (RACER) 
2004). There are two forms of dredging 
ports undertake to achieve this-, capital 
dredging in which a channel is 
deepened and widened to 
accommodate larger ships and 
maintenance dredging which maintains 
the form achieved through capital 
dredging (Morris, 2007). England and 
Wales dredge 20-40 million tonnes of 
material from ports, harbours and 
approaches every year (ABP Research 
and Consultancy Ltd, 1999). 
A number of factors are involved in determining the significance of the 
impacts resulting from a particular dredging operation; these include the 
dredging type; equipment used; timing; sediment quality; sensitivity of the 
local environment; sediment and local hydrodynamic regime, subsequently 
the impact is often site specific (Stojanovic et al., 2006). Short term impacts 
include a change in the health and distribution of biota (Lewis et al., 2001) 
and changes in turbidity (Self et al., 2000). Long term impacts include 
changes to the natural morphology of the estuary leading to changes in 
water circulation patterns, tidal regime and sediment distribution patterns 
and the direct removal of large quantities of sediment from the estuary 
system (de Jonge, 1983, Morris & Gibson, 2007, Widdows et al., 2006). 
Changes in the tidal propagation can affect the ratio of intertidal to subtidal 
area exposed over a tidal cycle and therefore alter the area of exposed 
mud available for birds to feed on (French, 1997). An estuary subjected to 
capital dredging, if left alone with adequate sediment supply will accrete 
back to its previous form (Nichols, 1988). 
Management should focus on retaining sediment from dredging 
within the estuary system (Morris, 2007).  The use of a 
maintenance dredge protocol to outline dredging approach and the 
ways in which operators will ensure no adverse effect on European 
designated sites was suggested in the DEFRA  report 
„Maintenance Dredging and Habitats Regulations 1994 A 
conservation assessment protocol for England‟ (DEFRA, 2007).  
Ports have the option to create a maintenance dredge protocol for 
their dredging activity to decrease the processing time required for 
dredging applications in England. The advantage of the protocol is 
that an estuary is treated as one system and assessment of all 
dredge activities is compiled in order to identify appropriate 
mitigation measures (Morris, 2007).  
 
Table 2.3 (continued): A synthesis of anthropogenic drivers to estuarine change, and their pressures, states, impact and responses.   
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Driver  Pressure  State  Impact  Response 
Shipping and 
recreational boat 
use 
Ship wakes  The shipping and recreational use 
sector is important in the UK.  In the UK 
over 40 million passengers took ferry 
crossings, with 1.5 million UK residents 
having taken a cruise in 2010 (The 
Passenger Shipping Association, 2010). 
In 2009 the total freight through UK 
ports was 508 million tonnes (Mt) 
(Department for Transport, 2009). There 
are around 238 coastal marinas in the 
UK, with the total revenue from UK 
leisure, super yacht and small 
commercial marine industry estimated 
to be £2.963 billion and value added 
contribution to the national economy of 
£933.7 million (British Marine 
Federation, 2010). 
The movement of ships through water may potentially affect erosion 
through increasing the size of ship induced waves. The UK Marine Special 
Areas of Conservation Project (2001) outlined the magnitude of a ship wave 
is affected by the following factors: the speed of a vessel; the size and 
displacement of a vessel; and the distance between the vessel and the 
foreshore, seabed and any other obstacles. The energy in the waves is a 
function of speed and displacement. Therefore the wash is highly specific to 
the type and design of the vessel and a larger or faster vessel cannot be 
assumed to have a greater wash (Sorensen, 1997). The common effects 
include intertidal erosion of intertidal habitats, aeration of the water column 
and resuspension of sediments (Broughton, 2000, Zabawa & Ostrom, 
1980). The link between ship wash and intertidal erosion is difficult to 
establish because of the variety of other potential causes of intertidal 
erosion (Williams, 2006). 
Potential management measures are detailed in the report 
„Guidelines for Managing Wake Wash from High Speed Vessels‟ 
and include moving the route of the vessels from shore to increase 
the distance between the vessel‟s track and the area where wakes 
are of most concern; altering the orientation of the route relative to 
the shoreline to change the angle at which the wake encounters 
the area of concern and modifying the schedule to reduce the 
potential impacts that may be associated with predicable shoreline 
use or environmental factors (Maritime Navigation Commission, 
2003). 
Recreation  Trampling  Intertidal trampling is the result of 
tourism and recreation including 
informal exploration of the resources of 
the intertidal zone for food and fishing 
bait, bird watching and dog walking and 
is common in the coastal environment 
(Davenport & Davenport, 2006) 
Intertidal trampling can cause the instability of intertidal habitats and a 
decline in vegetation cover. Trampling can cause dieback of S. anglica 
(Pye, 2000). Research into the impact of trampling on dune vegetation to 
trampling in Jutland showed that 200 people passing a trial stretch of dune 
resulted in the reduction of vegetation cover by 50%, but the actual levels of 
tourism was 250 passages per day in summer which resulted in 98% of the 
vegetation cover to be lost (Hylgaard and Liddle, 1981).  
Potential management includes restricting access to the trampled 
site, putting up signs to warn the public about the effects of 
trampling and replanting the area (Davenport & Davenport, 2006). 
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2.7  Conclusions 
In Chapter 2 a literature review was presented in order to satisfy Objective 1 (Chapter 
1.5) of this thesis to outline the natural and anthropogenic influences estuaries can 
face and the estuary response to these.   
The literature review  revealed that in the coastal environment a state of „dynamic 
equilibrium‟, where energy dispersal is at a minimum, is achieved through a balance 
of energy input, morphology and sediment transport (Cooper et al., 2001a, Cooper & 
Pethick, 2005). Pressures on estuaries from natural and anthropogenic pressures can 
induce a change in one or more of these components in an attempt to recover a state 
of  dynamic  equilibrium.  The  Driver,  Pressure,  State,  Impact  and  Response  (DPSIR) 
framework (OECD, 1993) was used to outline the human activity and environmental 
factors  that  can  influence  the  equilibrium  state  of  both  a  natural  and 
anthropogenically influenced estuary and its components, summarised in Table 2.2 
and Table 2.3.  
It was highlighted that due to the diversity of estuaries they can respond to different 
degrees to a variety of pressures. Due to the relationship between the elements of 
the dynamic equilibrium pressures can result in a direct and indirect impact on the 
energy  dispersal,  morphology  or  sediment  budget  of  an  estuary.  Therefore  to 
investigate  the  impacts  of  pressures  fully  the  change  in  each  of  these  three 
components should be assessed including their associated error. The change in an 
estuary can be a response to a combination of pressures both present and historic so 
the time scale over which this analysis is undertaken should be representative of the 
pressure‟s  potential  impact  duration.  As  many  estuaries  support  both  natural 
habitats  and  industry  an  understanding  of  how  estuaries  respond  to  pressures  is 
invaluable in order to design the management required to allow their needs to form a 
balance.  The  current  Government‟s  growth  agenda  (Department  for  Business 
Innovation  and Skills,  2011)  states  that  a  default  „yes‟  answer should be given to 
sustainable development applications, this means it is more important than ever for 
managers and regulators to understand fully the implications of developments before 
they receive a green light.  
The  case  study  of  Southampton  Water  in  the  following  chapters  will  take  these 
conclusions in to account to investigate the responses of an estuary to human and 
environmentally induced pressures over an engineering time scale. The change in the 
morphology of the estuary will be investigated and the sediment budget calculated in 
Chapters 4 and 5, suggestions for the improved management of the estuary will then 
be made in Chapter 6.  Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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3.  Case Study: Southampton Water 
In  Chapter  2  it  was  emphasised  that  a  greater  understanding  of  the  interaction 
between  estuary  drivers  and  pressures  and  their  influence  on  the  dynamic 
equilibrium of an estuary could be used to focus estuarine management. Over the 
following  chapter  this  concept  is  put  in  to  context  using  a  real  life  example  of 
Southampton Water. 
Southampton Water is an industrialised estuary on the south east coast of England 
(Figure  1.1).  The  estuary  has  experienced  major  modification  due  to  both  natural 
changes and increasing commercial and recreational use. This chapter details how 
the estuary was formed and the state of dynamic equilibrium in the estuary, including 
how energy is distributed, the morphology of the estuary and the sediment budget. 
This review was undertaken to highlight the gaps in the knowledge of the estuary 
needed  to  inform  estuary  management  decisions.  Using  the  Driver-Pressure-State-
Impact-Response  framework  (Organisation  for  Economic  Cooperation  and 
Development (OECD), 1993) outlined in Chapter 1.3  the natural and anthropogenic 
drivers to estuarine change over the past century are highlighted along with their 
known  impacts  and  responses,  these  will  then  be  reviewed  following  analysis  of 
historical data in Chapter 4.  
3.1  Conservation Interests 
The importance of the needs for conservation of the salt marsh and mudflats lining 
Southampton Water emphasises the need for effective management of the estuary. 
The  main  benefits  associated  with  salt  marsh  and  mudflat  conservation  are 
highlighted below. 
 
3.1.1  Nature Conservation 
The majority of the coastlines of the Solent and Southampton Water are classified as 
a  Special  Protection  Area  (SPA)  under  Article  4.1  of  the  EC  Birds  Directive 
(79/409/EEC)  and  as  a  Wetland  of  International  Importance  under  the  Ramsar 
Convention    for  supporting  breeding,  passage  and  wintering  bird  populations  of 
European  importance  (Joint  Nature  Conservation  Committee  (JNCC),  2004). 
Southampton  Water  is  also  included  in  the  Solent  Maritime  Special  Area  of 
Conservation (SAC) under the EC Habitats Directive (92/43/EEC) primarily for Annex 1 Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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estuarine habitat, Spartina swards (Spartinion maritimae) and Atlantic salt meadows 
(Glauco-Puccinellietalia  maritimae)  (Joint  Nature  Conservation  Committee  (JNCC), 
2004). Within Southampton Water salt marsh and mudflat habitats are also protected 
under  Special  Site  of  Scientific  Interest  (SSSI)  designation  under  Section  28  of  the 
Wildlife and Countryside Act 1981 (Figure 3.1). 
In 2003 there were 6.96 km
2 (696 ha) of mudflat and 1.60 m
2 (160 ha) of salt marsh 
lining Southampton Water (excluding the River Hamble and River Itchen) (Williams, 
2006).  The  salt  marsh  habitats  provide  important  roosting  grounds  for  breeding 
birds  and  the  mudflats  have  a  rich  invertebrate  fauna  that  forms  a  valuable food 
resource  for  passage  and  wintering  birds  (Joint  Nature  Conservation  Committee 
(JNCC), 2004). Southampton Water salt marshes also have a particular scientific and 
historical importance as the site where Spartina alterniflora was first recorded in the 
UK  (1829)  and  where  Spartina  x  townsendii  and  later  S.  anglica  first  occurred 
(Marchant, 1967).  As outlined in Chapter 1.4.3 the rate of decline of salt marsh on 
Southampton  Water and the Hamble  Estuary means under predicted sea level rise 
scenarios this important habitat could disappear from the estuary within the next 
century (Cope et al., 2007a). 
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3.1.2  Natural Sea Defence 
Based on the estimates of King and Lester (King & Lester, 1995), UK salt marshes 
result in a cost saving related to building man-made coastal defence structures of 
£470,000 per hectare (1 hectare = 10,000m
2)  in terms of capital costs and £9,400 
per  hectare  in  terms  of  annual  maintenance  costs  (adjusted  to  2010  prices) 
(Beaumont et al., 2010). Relating these figures to the 160 ha of salt marsh lining the 
western  shore  of  Southampton  Water  (Williams,  2006),  the  saving  associated  with 
preventing the need to build man-made structures is £75.2 million and in terms of 
annual maintenance costs is £1.5 million. There is, therefore a significant financial 
benefit in conserving salt marsh as a natural sea defence within the estuary. Without 
the natural defence of the salt marsh and mudflats there would need to be a review 
of how the estuary is protected from coastal flooding, possibly at great expense to 
the UK taxpayer.  
3.1.3  Port Industry 
The Port of Southampton is currently based in the upper reaches of Southampton 
Water; it is owned and operated by Associated British Ports. DP World, a joint venture 
between DP World and Associated British Ports, operates the Container Terminal. In 
2008, the Port of Southampton handled 41 million tonnes of cargo a year, making it 
one of the largest ports in the UK by tonnage (ABP, 2010). Key trades of national 
significance  handled  by  the  Port  include  containers,  cars,  passenger  cruise, 
petrochemicals, fruit and grain. The Port of Southampton is also the UK‟s premier 
cruise port, more than 800,000 international cruise passengers passed through the 
port‟s  three  dedicated  cruise  terminals  during  2007  (ABP  Marine  Environmental 
Research Ltd, 2007). The regional economy is largely supported by the port industry 
which  contributes  £2  billion  to  the  regional  economy  per  annum  and  directly 
supports 12,000 jobs (ABP Marine Environmental Research Ltd, 2007).  
The navigation channel has required continued widening and deepening as well as 
maintenance  dredging  to  accommodate the increasing  vessel sizes, with sediment 
removed from the estuary system.  Extensive land based port support has required 
land claim and the direct removal of salt marsh and mudflats. There is therefore a 
conflict  between  the  conservation  of  the  habitats  and  species  supported  by  the 
natural form of the estuary and the port driven morphology. Despite the impact of 
port development on habitats in the estuary there is an economic drive to continue 
port expansion on Southampton Water (ABP, 2010). This raises a need for sustainable 
development informed by a greater understanding of the natural and anthropogenic 
drivers to estuarine change and their interaction.  Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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The formation of Southampton Water and its habitats, the drivers to estuarine change 
and the impact on the estuary will now be discussed in greater detail.  
3.2  Estuary Formation 
Southampton Water is a narrow and enclosed meso-tidal estuary. About 18,000 years 
ago the global sea level was about 100m below its present level, with water being 
locked  up  in  extensive  continental  ice  sheets.  A  chalk  ridge  extended  between 
Purbeck,  South  Dorset  and  the  Isle  of  Wight.  Inland  behind  the  chalk  were  less 
resistant sands, clays and gravels. Many rivers including the Stour, Bealieau, Test, 
Itchen and Hamble ran through these weak soils and rocks creating a large estuary 
which  flooded  west  to  east  in  to  the  English  Channel  known  as  the  Solent  River 
(Figure 3.2) (West, 1972). During the Holocene, which started about 10,000 BP, rising 
temperatures resulted in the melting of large ice sheets causing Flandrian sea level 
rise or transgression (approximately 6,400 BP). This transgression flooded the river 
valley  to  form  the  modern  estuary  and  separation  of  the  Isle  of  Wight  from  the 
mainland  as  the  chalk  ridge  on  the  mainland  was  eroded  (Townend,  2007).  A 
secondary effect at the end of the last ice age was that glaciers covering the north of 
Britain melted, resulting in the isostatic rebound of Scotland, causing Great Britain to 
tilt  about  an  east-west  axis  and  the  sinking  of  land  in  the  south  (a  process  still 
continuing) contributing to the submergence of the Solent (Dyer, 1971, Dyer, 1975, 
Velegrakis et al., 1999). Part of the remains of the flooded River Solent leading up to 
the  tidal  limit  of  the  rivers  Test,  Itchen  and  Hamble  form  the  estuary  known  as 
Southampton Water. Calshot Spit defines the seaward limit of the estuary; this feature 
is a subtidal detached beach which evolved in response to both north-eastwards long 
shore transport and complex off to onshore gravel movement (Halcrow, 1998).   
Due to the predominance of south-westerly and westerly winds the estuary is largely 
protected from large fetch winds by the presence of the Isle of Wight and Calshot 
Spit.  This  sheltered  low  energy  environment  has  encouraged  the  development  of 
extensive salt marshes and mudflats along the estuary shore (Halcrow, 1998).   Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 3.2 Hypothetical map of the basin of the Solent in the late Pliocene times 
(broken lines represent the existing coast) (Reid, 1905). 
3.3  Equilibrium State 
In Chapter 2.2 it was highlighted that when an estuary is in dynamic equilibrium the 
ratio of average intertidal flat height to tidal range (H
f/H), intertidal flat area to basin 
area  (A
f/A
b)  and  channel  volume  and  tidal  prism  (V
c/P)  are  expected  to  be 
approximately constant (Rossington 2008).  
 
By analysing the changes in these ratios on Southampton Water between 1911 and 
1998 and splitting the estuary into two reaches as shown in Figure 1.3 Rossington 
(2007) found that in the outer section of the estuary (referred to as the Main Channel 
in this thesis, between the River Itchen and Hamble confluence) the ratio of H
f/H and 
V
c/P returned a relatively constant value, suggesting that this section of the estuary 
was near equilibrium. 
 
In  the  inner  estuary  (the  channel  above  the  confluence  of  the  River  Itchen  which 
includes the Test Estuary) all three measurements were found to vary considerably 
over time suggesting that this part of the estuary is out of equilibrium.  The tidal 
prism (P) had been reduced by approximately 30% and the total basin area (A
b) had 
been reduced by more than 50% through reclamation. It was found that the ratio of 
H
f/H had decreased from 0.56 to 0.17, A
f/A
b decreased from 0.49 to 0.19
 and V
c/P 
increased to around three times its 1926 value. The lack of dynamic equilibrium in 
the inner estuary was attributed to frequent and ongoing disturbances including land 
claim,  capital  dredging  and  continued  maintenance  dredging  preventing  the inner 
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  - 76 - 
Rossington (2008) calculated the change in equilibrium for the Main Channel and the 
Test  Estuary  between  1911  and  1998,  by  extending  the  time  series  to  look  at 
changes in the estuary from 1783-2008 this thesis aims to determine whether earlier 
port  development  influenced  the  equilibrium  state  in  the  Main  Channel  and 
determine the state of equilibrium in the Itchen and Hamble Estuaries which have not 
previously been calculated.  
 
Rossington (2008) calculated the change in equilibrium for the Main Channel and the 
Test  Estuary  between  1911  and  1998,  by  extending  the  time  series  to  look  at 
changes in the estuary from 1783-2008 this thesis aims to determine whether earlier 
port  development  influenced  the  equilibrium  state  in  the  Main  Channel  and 
determine the state of equilibrium in the Itchen and Hamble Estuaries which have not 
previously been calculated.  
3.4  Energy Dispersal 
Sediment transport within Southampton Water is predominately by tidal currents due 
to wave generation being limited by the narrow and sheltered estuary morphology 
(Dyer, 1971).  
3.4.1  Wave Energy 
The maximum significant wave heights generated by the longest available fetch of 
5,140m from the south west are between 0.57 and 1.02m, although waves from this 
narrow  window  are  infrequent  and  prevailing  wave  heights  are  significantly  lower 
(River  and  Coastal  Environments  Research  (RACER)  2004).  As  the  dominant  wind 
direction is from the south west, the north west- south east orientation of the estuary 
provides shelter to the estuary from waves generated from these winds so that the 
estuary  is  predominantly  controlled  by  local  winds  (Queresma, 2004). Exposure to 
wind waves is greatest at Weston Shore due to the predominance of south-westerly 
and westerly winds. Queresma (2004) showed that wind-generated waves at Hythe 
increase the transport rate of waves by up to 10 to 40% over calm conditions with no 
change  in  the  resulting  transport  direction  found.  Due  to  Hythe‟s  geographic 
location, the highest energy levels produced by wind-generated waves are associated 
with the spring and autumn seasons, when the occurrence of winds from the N, NW, S 
and SE were predominant (Queresma, 2004). A change in predominant wind direction 
to easterlies would increase the wave attack on the salt marsh lining the western 
shores  of  Southampton  Water.  A  detailed  study  by  ABPmer  in  2001  on  the  total 
energy arriving at Hythe shore due to wind waves showed an increase in wave energy 
by  17%  between  the  periods  1984-91  and  1988-97,  which  was  attributed  to  the Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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increasing  prevalence  of  easterlies  in  the  more  recent  interval  (ABP  Marine 
Environmental Research Ltd, 2001). 
3.4.2  Ship Wakes 
Wave  energy  experienced  by  the  shore  of  Southampton  Water  can  be  artificially 
increased  by  vessel  movement  (Broughton,  2000).  The  main  vessel  uses  in 
Southampton  Water  are  associated  with  large  vessels  accessing  the  Port  of 
Southampton;  the  container  terminal;  the  Esso  refinery  at  Fawley  and  BP  oil  fuel 
storage and distribution terminal at the entrance to the Hamble (Hampshire County 
Council, 2010).  In addition recreational traffic is associated with the marinas, water 
sports centres and passenger ferries to the Isle of Wight and Hythe   (Hythe Ferry 
Office, 2010, Red Funnel, 2010).  
ABP Research & Consultancy  (2000) estimate waves generated by ship movements 
contribute to an estimated 2% of the energy received at Netley Shore, but some 10% 
at Hythe.  The increased impact of wakes along the Hythe foreshore was thought to 
be greater due to the presence of a vertical salt marsh cliff; increased exposure of 
fine- grained sediments and closer proximity to the shipping channel. Observations 
revealed that the most damage to the salt marsh cliff was caused when the height of 
the tide was great enough to allow vessel-generated waves to break over the top of 
the cliff and wash back over the ledge. 
Queresma (2004) investigated the change in significant wave height at Hythe shore 
from the various types of boat traffic in Southampton Water. Queresma (2007) found 
that small fast recreational boats usually travel at high speeds closer to the shore 
than  larger  vessels  and  therefore  generate  the  highest  energy  levels  (Table  3.1). 
During the summer months the number of these small vessels increases significantly. 
The frequent running of the Red Funnel boats between Southampton and the Isle of 
Wight was found to result in regular wave incidence along the shore even on calm 
days. Studies carried out by Nanson et al (1994) on river- bank erosion rates showed 
that restrictions to boat traffic reduced river bank erosion rates from 1m yr 
-1 to 0.1 m 
yr
-1, this suggests that the intense boat traffic in the Main Channel of Southampton 
Water results in wave action over the intertidal zone and is a contributing factor to 
erosion of the intertidal zone habitats. 
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Vessel  Speed 
(Knots) 
Length 
(m) 
Propulsion 
Type 
Mean 
Significant 
Wave Height 
(m) 
Mean 
Duration 
(sec) 
Mean Wave 
Energy (Jm
-2) 
Small Fast Boat  >35  <25  Water jet or 
Propellers 
0.17  2.9  21 
Hi-Speed Ferry  33.5  32.5  Water jets  0.14  3.5  12 
Shuttle Ferry  14  82.4  Propellers  0.15  3.3  16 
Container Ships  <10  >100  Propellers  0.09  3.3  5 
Table 3.1 Characteristics of the different boats and wave statistics for vessels on 
Southampton Water (Queresma, 2004). 
3.4.3  Tidal Energy 
In the western Solent tidal range (spring tides) varies from 2.0m at Hurst Point to 
around 3.9m at Calshot, producing a significant hydraulic gradient and strong tidal 
currents (New Forest District Council, 2010b).  
Sediment transport within Southampton Water is predominately by tidal currents due 
to wave generation being limited by the narrow and sheltered estuary morphology 
(Dyer, 1971). Suspended sediments such as fine silts and clays undergo net transport 
up  the  estuary  and  into  various  creeks,  channels  and  salt  marshes.  Bedload 
sediments,  mostly  coarse  silts,  sands  and  fine  gravels,  are  transported  down  the 
estuary and result in the formation of bedforms such as gravel sand waves and linear 
furrows (Dyer, 1970, Flood, 1981) (Figure 3.3).  
The  tidal  regime  is  complex,  controlled  by  the  resonance  effect  of  the  eastwards 
narrowing of the English Channel but modified by the hydraulic regime of the Solent. 
A „young flood stand‟ and a double high water period with little change in water level 
(lasting up to 3 hours) is a result of these complexities. The stand on the flood is 
most pronounced on the spring tides and can last for about 2 hours. The tidal profile 
is  also  asymmetrical,  with  the  ebb  phase  of  the  tide  taking  less  than  4  hours, 
compared  to  nearly  9  hours  for  the  flood.  This  pattern  means  that  Southampton 
Water is ebb dominant as the estuary has a shorter time over which to release its 
water  on  the  ebbing  tide  than  it  does  to  fill  up  on  the  flooding  tide.  This 
characteristic  causes  higher  current  speeds  on  the  ebb  tide  providing  a  flushing 
mechanism of coarse bed-load sediment out of the estuary, particularly in the Main 
Channel (Price & Townend, 2000). Numerical predictions of peak velocities at Calshot 
on a spring tide indicate speeds of 1.0 m/s on the ebb compared to 0.7 m/s for the 
flood (ABP Research & Consultancy Ltd, 1995c). The flushing time of the estuary is 
between  5  to  10  days  (according  to  location),  with  a  partially-  mixed  water  mass 
stratification (Dyer, 1980).   Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Deposition of sediments within the estuary may be influenced by the length of the 
slack  water  period  occurring  prior  to  the  ebb  phase  of  the  tide.  The  slack  water 
period before the ebb is longer than before the flood phase. Therefore fine-grained 
sediment transported into the estuary has a longer duration within which to settle 
out of suspension, before transport in the seaward direction occurs (Price & Townend, 
2000).  
 
Although the asymmetry of the tidal wave is apparent throughout the estuary, the 
ebb  dominance  reduces  in  an  upstream  direction.  This  change  may  lead  to  a 
longitudinal variation in the intensity and direction of sediment transport. Physical 
evidence  for  this  phenomenon  comes  from  the  spatial  distribution  of  dredging 
requirements in the estuary. Although overall siltation is low, maintenance dredging 
takes places predominantly within the inner part of the estuary, upstream of Dock 
Head and in the berth pockets. Little or no maintenance dredging is required in the 
outer part of the estuary (Price & Townend, 2000).  
 
During the mid-flood stand and double high water period, when the rate of water rise 
reduces, the volume of water within the estuary continues to move upstream. The 
frictional effects of the intertidal zone cause water to slow down on the foreshore 
faster  than  in  the  Main  Channel,  causing  an  inverted  flow  on  the  intertidal  zone 
compared to that of the Main Channel. These opposing flows are evident on the 
Hythe Marshes, the eastern foreshore between the Rivers Itchen and Hamble and on 
the Dibden Bay foreshore. As water in the Main Channel continues to move upward, 
a  water  level  gradient  sloping  towards  the  mouth  of  the  estuary  occurs.  The 
opposing flow of water is sustained until water in the channel slows down or the 
incoming tidal level starts to rise again (Price & Townend, 2000). Sylaios and Boxall 
(1998) and Dyer (1982) found that a deviation of the net current towards the east 
bank of the channel exists, Dyer attributed this behaviour to lower cross sectional 
salinities on the eastern side, leaving oceanic water to enter the channel from the 
West.  
The flow pattern results in deposition of fine-grained sediment between the opposing 
flows where low tidal currents occur. After the flood stand the tidal flows continue 
upstream  and  can  re-erode  this  newly  deposited  fine-grained  sediment.    If  water 
levels are high enough during the flood, sediment can be transported higher on to 
intertidal regions and onto salt marshes, the result of which are flow patterns that 
cause lateral transport of suspended sediment across the estuary (Price & Townend, 
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Sediment type and morphology are characteristics that cause the erosional impact of 
waves  to  differ.  Broughton  (2000)  found  that  the  mudflats  at  Hythe  were,  from 
observation, more susceptible to erosion than the beach sediments at Weston Shore. 
As  the waves  impact  the Weston  Shore it  appeared that  a  surface layer  of  coarse 
material  and  pebbles  protected  the  underlying  finer  sands  and  muds.  At  Hythe, 
however,  the  silts  and  muds  were  directly  exposed  to  wave  action,  despite  the 
cohesive nature of the muds and silts against wave erosion the presence of a vertical 
marsh cliff exacerbates the erosion caused by wave attack 
As channels are relatively stable and dredge requirements are low it is concluded that 
sediment  transport  rates  are low in the estuary (ABP Research & Consultancy Ltd, 
2000, Flood, 1981). Sediment transport and subsequent siltation can increase in the 
short term due to disturbance caused by dredging of navigation channels. Widening 
of channels close to intertidal areas can lead to draw down, narrowing of intertidal 
areas and steepening of foreshore profiles  (Barton, 1979).  Erosion of fine-grained 
sediments may be effective when maximum fetch coincides with the long high water 
stand. The impact of ship waves may also increase erosion rates (Broughton, 2000, 
Queresma, 2004). 
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3.4.4  Energy Dispersal 
As outlined in Chapter 1.4.1 Price and Townend (2000) created a two dimensional 
model  of  Southampton  Water  based  on  recorded  bathymetry  for  1783,  1926  and 
1996 to investigate the state of energy distribution within the estuary. Overall the 
energy distribution was found to vary almost linearly rather than exponentially, which 
would be the most probable state.  
In the River Test between 1783 and 1926 there was little change in the dispersal of 
energy. Between 1926 and 1996 there was then a significant move towards the most 
probable state of energy dispersal. This change was probably related to the reduction 
in the tidal volume caused by the construction of the Western Docks in Southampton 
during this time.  
In the River Itchen the differences in energy dispersal over time were found to be a 
magnitude smaller than that experienced in the Test. This suggested a much earlier 
move to the most probable state of energy dispersal, followed by a localised move 
away in the reach 3 to 5 km from the head.  
Differences in the Hamble were an order of magnitude lower showing a small move 
away  from  the  most  probable  state  over  time.  This  change  may  be  attributed  to 
dredging associated with leisure developments on the river.  
The final reach of the estuary, toward the mouth, showed a marked move away from 
the most probable energy distribution state, most likely due to channel deepening. 
There  was no change in the energy distribution at the mouth of the estuary  over 
time,  this  highlighted  the  validity  of  the  mouth  as  a  sustained  boundary  (Price  & 
Townend, 2000). 
As the energy distribution for Southampton Water and the Test, Itchen and Hamble 
estuaries have been calculated by Townend and Dun (2000) and Price and Townend 
(2000) this element of the dynamic equilibrium will not be recalculated in this thesis. 
However as these reaches have been shown to be not in the most probable state for 
dispersing tidal energy this thesis examines whether there have been morphological 
changes or sediment transport changes in the estuary in an attempt to regain the 
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3.5  Estuary Morphology  
The morphology of the estuary is a reflection of the combination of wave climates, 
sediment  availability  and  accommodation  space.  The  study  area  covers  the  Test, 
Itchen  and  Hamble  Estuaries  to  their  tidal  limit  and  Southampton  Water  to  the 
seaward limit of Calshot Spit.  Southampton Water has a naturally deep channel. The 
western  shore,  Test,  Hamble  and  Itchen  Estuaries  are  sheltered  from  wave  action 
which has led to the development of extensive salt marsh and mudflats lining their 
shores.  The  Eastern  shore  of  the  Main  Channel  is  bordered  by  mudflats  and  an 
eroding cliff (Halcrow, 1998). Figure 3.4 shows the main morphological elements of 
the estuary and their tidal limits, these are the salt marsh, mudflats and the channel.  
 
Figure 3.4 Morphological elements of Southampton Water (not to scale) 
3.5.1  Estuary Reaches 
The Main Channel of Southampton Water has experienced deepening and narrowing 
in  relation  to  port  and  industrial  work,  with  the  first  recorded  deepening  of  the 
channel  in  1836.  Both  the  Itchen  and  Hamble  Estuaries  have  been  influenced  by 
industry, recreational boating and urbanisation with a deepening of their channels for 
access purposes. The Test Estuary was altered by development of the Prince Charles 
Container Terminal and Western Dock extension. As data is available from before this 
date on the profile of the estuary this section provides an opportunity to compare the 
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The estuary can be divided into four sections (or reaches) (Figure 3.5) to reflect the 
different  anthropogenic  pressures  on  the  estuary  identified  through  the  review  of 
literature which have resulted in morphological changes (Table 3.2).  
As stated in Chapter 2.4 the morphology of an estuary is naturally determined by sea 
level (subject to constraints such as geology) and the position of mudflat, salt marsh 
and the channel within an estuary is determined by tidal level. Southampton Water 
has experienced considerable modification to its natural morphology as a result of 
dredging and land claim. These will now be discussed further. Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Reach  Extents  Natural Form  Present Form  Anthropogenic Pressures   Additional Information 
The Main 
Channel 
Calshot Spit to entrance of Hamble 
and Itchen Estuaries and start of 
Western Docks 
Wide, naturally 
deep channel with 
extensive intertidal 
flats and salt marsh. 
Netley has a low 
eroding cliff. 
Enlarged submerged profile of 
the channel due to dredging, 
extensive land claim on the 
Eastern Shore and Dibden 
Bay for future port 
development. Hard defences 
protect cliff, urban and port 
areas. 
Land Claim 
Dredging 
Coastal Squeeze 
Ship Wash 
Pollution 
Urbanisation 
Flood Protection 
Introduced species 
Majority of historic bathymetric data for 
Southampton Water stopped at the start of 
the Western Docks as these were 
developed at a later date, therefore north of 
this point was considered to be part of the 
River Test for the purposes of this study. 
Test 
Estuary 
Tidal limit of the Test Estuary just 
north of Redbridge, about 7.6km 
from Dockhead to start of Western 
Docks 
Shallow channel 
with extensive 
intertidal flats and 
salt marsh. 
Enlarged submerged profile of 
the channel due to dredging. 
Reduced area of mudflats, 
minimal salt marsh areas. 
Agriculture 
Industrial Development 
Coastal Squeeze 
Ship Wash 
Pollution 
Urbanisation 
Flood Protection 
Introduced species 
The Lower Test Valley shows a gradual 
transition from saltwater through brackish 
to freshwater conditions. 
Profile greatly altered by development of 
the Western Docks 1927-1935 and Prince 
Charles Container Terminal 1967-77. 
Itchen 
Estuary 
Confluence of Itchen and Main 
Channel to tidal limit of Itchen 
Estuary at Woodmill 
Shallow channel 
with extensive 
intertidal flats. 
Enlarged submerged profile of 
the channel due to dredging, 
reduced area of salt marsh 
and mudflats 
Recreation 
Industrial Development 
Coastal Squeeze 
Ship Wash 
Pollution 
Urbanisation 
Flood Protection 
Introduced species 
 
Predominately urban landscape on both 
edges contains residential, industrial and 
commercial properties 
Hamble 
Estuary 
Confluence of Hamble and Main 
Channel to tidal limit of Hamble 
Estuary at Riverside Park 
Shallow channel 
with extensive 
intertidal flats. 
Enlarged submerged profile of 
the channel due to dredging 
reduced area of salt marsh 
and mudflats 
Recreation 
Industrial Development 
Managed Realignment 
Coastal Squeeze 
Ship Wash 
Pollution 
Urbanisation 
Flood Protection 
Introduced species 
One of the largest recreational yacht and 
boating centres in Europe 
Table 3.2 Morphological features of Southampton Water reaches and the pressures associated with them 
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3.5.2  Sea Level Rise  
Pugh (1987) states observed sea level is a combination of: mean sea level, the tidal 
component  and  the  non-tidal  residual  (Chapter  2.4.4).  Overall  there  has  been  an 
increase  in  sea  level  over  the  study  period  within  Southampton  Water  due  to  the 
change in these components, as detailed below: 
Tidal Component 
High water levels are influenced by the change in the tidal amplitude associated with 
the 18.6 year lunar tidal cycle. The nodal cycle amplitude is about 3.7% of tidal range 
(Pugh, 2004). For Portsmouth, which lies to the east of Southampton Water this is 
about 0.11m (last peak was about 1997, and last trough about 2009). This means 
that the variation in water levels is approximately 12mm/year and therefore is more 
significant than changes due to sea-level rise in the short term (<20 years) (Townend, 
2007). 
Non tidal residual 
Data analysed from Southampton showed that storms with surges greater than the 
99 percentile level had slightly decreased in number, duration and intensity between 
1935 and 2006 with the regression rates and standards errors for storms as follows: 
annual  storm  count  per  year:  -0.059  +/-  0.031;  total  annual  duration:  -0.195  +/- 
0.094 hours per year; and total intensity: -0.031 +/- 0.018 m*hours/year (Haigh et al., 
2010). This indicates that there would have been an increase in the non-tidal residual 
during this period. 
Mean Sea level  
Haigh  (2009)  quantified  the  change  in  sea  levels  from  tide  gauge  records    from 
Southampton between 1935 and 2006.  The mean sea level trends were calculated by 
fitting  trends  to  the original  records. Between 1935 and 2005 the trend from the 
Southampton tide gauge data was a rise in sea level by 1.19 +/- 0.24mm/yr, minus 
the sea level index (the coherent part of sea level variability) the trend of mean sea 
level was a rise by 1.30 +/- 0.18 mm/yr.  
Rossington et al. (2007) used the behaviour based model ASMITA (Aggregated Scale 
Morphological Interaction between Tidal Inlets and the Adjacent Coast) to predict the 
critical rate of sea-level rise in Southampton that triggers the loss of 25%, 50%, 75% 
and the total loss of intertidal volume. It was found that in Southampton Water the 
inner  estuary  (Test  Estuary)  was  more  sensitive  to  sea-level  rise  than  the  outer Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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estuary (Main Channel). The difference is caused by the smaller horizontal diffusion 
coefficients  for  the  inner  estuary  which  means  that  the  inner  estuary  cannot 
accumulate sediment at a sufficient rate to keep pace with accelerated sea level rise 
but the outer estuary can. The critical rate of sea-level rise for the inner estuary was 
found to be 16.6 mm/yr with 25% loss predicted at 9.5mm/year. The outer estuary 
however was predicted to be much more resilient and showed only minor changes in 
response to sea-level rise. The ability of an estuary to adapt to rising sea levels was 
found  to  be  dependant  on  sediment  availability.  Through  calculation  of  the 
Southampton Water sediment budget this thesis will determine whether the sediment 
input is sufficient to balance the estuary sediment budget in order to keep pace with 
rising sea levels.  
3.5.3  Coastal Defence 
The  North  Solent  Shoreline  Management  Plan  provides  the  policy  covering  the 
coastline between Selsey Bill, in the east and Hurst Spit in the west on the south 
coast, including Southampton Water. According to the North Solent SMP the shoreline 
around Southampton city, Marchwood, Fawley and the Rivers Itchen and Hamble are 
defended to protect industry, marinas and housing developments. Over 26km of the 
40km shoreline of the Southampton Water is fronted by man made defences, over 
half of which consist of sheet piling and sandbanks. The eastern side of Southampton 
Water is dominated by the hard defences; Southampton Docks to the River Itchen is 
protected  by  quay  walls.  The  area  between  Netley  and  River  Hamble  also  heavily 
defended by man-made (75%) and natural (13%) defences with only 12% undefended. 
On the western shore between Calshot Spit and Hythe a series of low walls exist to 
protect  the  refinery.  Hythe,  Marchwood  and  Eling  are  protected  by  old  stone  and 
concrete  walls,  quays  and  promenades.  Extensive  areas  are  protected  by  natural 
defences in the form of salt marsh which defend extensive tracts between Calshot 
and Hythe and between Marchwood and Eling (Geodata Institute, 1996). The areas 
which  are  heavily  protected  include  Fawley  Power Station,  Fawley  Oil  Refinery  and 
Marchwood  Military  Port  which  comprise  very  high  value  commercial  property, 
services and infrastructure unlikely to be sacrificed (River and Coastal Environments 
Research (RACER) 2004). According to the North Solent SMP flood risk analysis these 
high value properties would be at high risk of flooding if existing defences failed or 
were  not  maintained,  or  overwhelmed  by  a  storm  event  that exceeded the design 
limits of the existing defences. 
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Most  of  the  defences  along  Southampton  Water  are  owned  by  Southampton  City 
Council and Eastleigh Borough Council, with defences also owned by the New Forest 
District Council, Fareham Borough Council or commercial organisations including the 
port  authority  and  oil  companies.  Some  defences  are  also  privately  owned, 
predominately  when  fronting  residential  property  (River  and  Coastal  Environments 
Research  (RACER)  2004).  The  variety  of  owners  of  coastal  defence  means  that  a 
coordinated approach to coastal management is required. 
The  North  Solent  Shoreline  Management  Plan  (2010c)  recommends  the  suggested 
management  technique  to  coastal  defence  along  Southampton  Water  for  different 
time periods (0-20 years, 20-50 years and 50-100 years). The preferred policy for the 
main Southampton City frontage is to „Hold the Line‟ from the present day to 2105 to 
protect the financial asset of industry and housing lining the shores. The preferred 
policy  for  the  Test  area  around  Redbridge  is  „No  Active  Intervention‟.  URS  were 
appointed  by Southampton City Council to develop a long-term Coastal Flood and 
Erosion Risk Strategy for the coastline within Southampton extending from Redbridge 
along  the  north  bank  of  the  River  Test  and  the  west  bank  of  the  River  Itchen  to 
Woodmill Lane (URS, 2012). This coastal strategy further identified the appropriate 
schemes to implement these SMP policies.  
The  management  policy  for  the  River  Hamble  is  for  „no  active  intervention‟.  The 
majority  of  the  River  Hamble  frontage  is  undefended  or  privately  owned  and  the 
shore is lined with intertidal habitats of international importance therefore this policy 
will  enable  this  habitat  to  migrate  landward  with  sea  level  rise.  The  North  Solent 
Shoreline  Management  Plan  comments  that  the  „hold  the  line‟  policy  was  not 
recommended due to the topography and land use along the river. There are two 
exceptions to the policy of „no active intervention‟ on the River Hamble where the 
policy  is  to  „hold  the  line‟  to  protect  commercial  property,  marina  and  boat 
developments  and;  in  the  epoch  20-50  years  where  management  realignment  is 
suggested for Bunny Meadows to protect the risk of flooding of assets.  
The ongoing policy of „hold the line‟ on the majority of the shore of Southampton 
Water, the River Itchen and the River Hamble ensures that the intertidal habitats will 
not be able to migrate landwards with rising sea levels resulting in „coastal squeeze‟ 
and the flooding of the intertidal habitats.  
The presence of man-made defences has constrained the ability of intertidal habitats 
(notably salt marsh) to move landward in response to sea level rise, a term referred to 
as „coastal squeeze‟ (Townend, 2004). A study on the upper reaches of the River Test; 
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marsh area above this point is naturally advancing inland with rising sea levels, in the 
absence  of  man  made  sea  defences  (Cope,  2006).  The  North  Solent  Shoreline 
Management Plan (2010b) states that the Lower Test is the only recorded site in the 
North Solent where salt marsh is undergoing expansion. 
3.5.4  Spartina anglica 
S. anglica began to colonise and stabilise mudflats following its first sighting in the 
late  1800s,  and  spread  extensively  in  the  1930s  (Marchant,  1967).  Signs  of  the 
dieback of S. anglica on Southampton Water are visible on aerial photography from 
the 1940s which show the decline of salt marsh areas (Cope et al., 2007a, Williams, 
2006).  
The  exact  reasons  for  die-back  on  Southampton  Water  remain  unknown,  though 
anaerobic  soil  conditions  due  to  water  logging  and  the  genetic  instability  of  the 
cordgrass  hybrid  are  possible  causes  (Bray  &  Cottle,  2003b,  River  and  Coastal 
Environments  Research  (RACER)  2004).  Baker  et  al  (1990)  confirmed  however  that 
there was a relationship between the dieback of S. anglica at Fawley with Esso Oil 
Refinery effluents historically discharged through the creek system. Photos by Dr D S 
Ranwell in 1962 showed large areas of S. anglica had died and decomposed around 
two  refinery  outfalls.  In  1970  a  survey  concluded  that  damage  of  the  marsh  was 
caused by repeated light oiling from both effluent and spillages. 
In  1970  the refinery  management  decided that  action  should be taken to prevent 
further damage and to restore the salt marsh. Firstly improvements to reduce the 
flow of effluent water and improve its quality were initiated. In 1981 an effluent water 
filtration  plant  was  commissioned  to  treat  all  oily  process  water from  the refinery 
units.  Since  1973  clumps  of  cord  grass  (Spartina)  from  healthy  areas  were 
transplanted to areas previously denuded, this was combined with prolific seeding of 
Salicornia spp. The transplants had two roles: to speed up the recovery process and 
to act as natural monitors as clumps which failed to grow would provide evidence of 
the continuing effects of effluent discharge from the estuary. The rapid growth of 
most  plants  confirmed  that  the  marsh  was  recovering  and  by  1990  much  of  the 
Fawley salt marsh had returned to its pre-1951 condition (Dando, 2005). 
The impact of S. anglica growth and dieback on the morphology of the estuary over 
time is investigated further in this thesis through analysing the change in salt marsh 
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3.5.5  Port Development 
In  the  1800s  the  port  was  a  small  coastal  area  handling  coastal  craft  and  cross- 
channel mail packet vessels. During this time only 40 vessels regularly traded to and 
from Southampton, mainly on coastline routes and depended on the naturally deep 
channel (Williams, 1984). The Southampton Dock Company was incorporated in 1836 
and acquired 216 acres of land for the construction of the docks (British Transport 
Docks Board, 1962). (Coughlan, 1979). Three groups of docks were built and remain 
at Southampton, their dates and purpose of construction as summarized by Barton 
(1979) are shown in Table 3.3 and Figure 3.6.  
Dock  Construction Period  Size  Purpose 
Eastern Docks  1836-1911  Includes 6.5km of quays and cover 80ha   Used for both cargo and 
passenger trade 
Western Docks  1927-1936  Includes 2.5km of quays, The King 
George V graving (or dry) dock (designed 
for vessels up to 100,000 tons weight) and 
162ha of reclaimed land 
Used for both cargo and 
passenger trade 
Container Docks  1966-1978  Includes 1.8km of quays and an area 
reclaimed for storage of over 67ha 
Used for containerised 
cargo trade 
Table 3.3 The groups of ports at Southampton, dates and purpose of construction 
(Barton, 1979).  
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Figure 3.6 Historical development of Southampton Water 1783-1995 (ABP Research & 
Consultancy Ltd, 1995e). 
The original success of the Southampton Dock developments was as a premier cruise 
terminal. However, with the increased popularity of air travel and subsequent decline 
of  the  passenger  ship  business  in  the  1960s,  the  British  Transport  Docks  Board 
(privatised in 1982 to form Associated British Ports) decided that the future of the 
port lay in cargo operations and a £60 million project to develop the Prince Charles 
Container  Port  was  initiated  (Williams,  1984).    As  highlighted  in  Chapter  3.1.3 
Southampton remains a successful container and passenger port. As an example of 
the growth of the Port of Southampton according to the Southampton Harbour Board 
(1953) in 1928 there were 14,846 vessel entering or using the port, and according to 
ABP (2010) in 1999 there were 57,485 vessel movements within Southampton Water. Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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This  growth  is  also  reflected  in  Table  3.4  which  shows  the  increase  and  forecast 
demand for the Port of Southampton.  In order to accommodate future increases in 
vessel sizes and trade demand the Port of Southampton master plan has confirmed 
that the pressures on Southampton Water will continue within the foreseeable future 
further  emphasising  the need to understand the impacts of past developments to 
inform future management decisions.  
Year  Tonnes of cargo  Source 
1803  41,000  Southampton Harbour Board, 1953 
1939  2,500,000  Southampton Harbour Board, 1953 
1951  5,700,000  Southampton Harbour Board, 1953 
1952  12,400,000  Southampton Harbour Board, 1953 
2005  38,830,000  ABP, 2010 
2020  51,963,000  ABP, 2010 
2030  62,663,000  ABP, 2010 
Table 3.4 Historic and predicted tonnage of cargo for the Port of Southampton 
Dredging 
During  the  early  days  of  the  Port  of  Southampton  the  channel  was  deepened  as 
passenger  vessels  were  enlarged  (MacMillan,  1964).  When  the  Prince  Charles 
Container Terminal was built in the 1970‟s on the upper reaches of the River Test, 
the demand was  to  accommodate container vessels.  While traditionally ports have 
resolved the problems associated with physically accommodating larger vessels by 
locating docks nearer to the sea, for example in London and Rotterdam, Southampton 
reversed  this  trend  by  progressively  developing  further  upstream,  resulting  in 
expensive dredging works for the estuary to accommodate increasingly larger vessels 
(Coughlan, 1979). 
The first major dredge recorded in Southampton Water occurred in 1889 when the 
main shipping channel from Fawley to Eling was dredged to 7.4m below chart datum 
and the approach channels at Netley Shoal and Test Bar were deepened (Greenwell, 
2000). Since 1889 a series of capital dredge campaigns have deepened and widened 
the  shipping  channel  as  summarised  in  Table  3.5.  Nearly  all  Southampton‟s 
customers now use “post Panamax” vessels (ships classified as Panamax are of the 
maximum  dimensions  that  will  fit  through  the  locks  of  the  Panama  Canal,  post 
Panamax are larger) and for the Port to remain competitive it has to cater for such 
vessels  (Southampton  is  one  of  only  three  Ports  in  the  UK  able  to  cater  for  such 
vessels). To accommodate these larger ships dredging activities on the estuary saw 
the  channel  deepened  to  15m  below  chart  datum  in  2002  (Horter,  2003a).  If 
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proportion  of  the  UK  trade  would  have  to  be  handled  by  feeder  traffic  from  the 
continent which would inevitably increase the cost of UK living (Greenwell, 2000).   
Year  Development  Volume (m
3)  Source 
1889  Dredge-First recorded dredge- approach channels deepened at 
Netley Shoal and Test Bar. Channel dredged to 7.4m below chart 
datum from Fawley to the docks. 
Not reported  ABP Research and 
Consultancy (1995a), 
Horter (2003a) 
1893-6  Dredge-Main Channel above Fawley dredged to 8.6m below 
chart datum 
Not reported  ABP Research and 
Consultancy (1995a), 
Horter (2003a) 
1907  Dredge-First dredging contract for deepening approach below 
Calshot. Channel increased to 9.3m below CD to accommodate 
for new liners. 
Not reported  ABP Research and 
Consultancy (1995a), 
Horter (2003a) 
1913-14  Dredge-Widening of swinging ground off Ocean Dock for liners.  Not reported  ABP Research and 
Consultancy (1995a), 
Horter (2003a) 
1931-36  Dredge-Major dredging contract to widen channel to 305m and 
deepen reach below Calshot to 11.1m below CD. Channel from 
Calshot to Docks also dredged to 10.2m below CD. Swinging 
ground widened again for Queen Mary. 
Not reported  ABP Research and 
Consultancy (1995a), 
Horter (2003a) 
1938  Dredge-Main Channel and swinging grounds, from Hythe to 
Cracknore deepened  to 11m 
Not reported  ABP Research and 
Consultancy (1995a), 
Horter (2003a) 
1950-51  Dredge-The Dredging and Construction Company Ltd awarded 
largest single dredging contract of the time to remove 2,900,000 
m
3 of material by; i. straightening the western channel; ii. 
restoring a portion of the Calshot channel to 11.1m below CD; 
iii.cutting off a portion of the bend around Calshot Spit; and  
iv. restoring a depth of 10.2m below CD throughout the Main 
Channel from Calshot to the Docks, including the middle and 
lower swinging grounds, and widening the channel to 6.10m. 
Material was used for infilling reclamation at Fawley. 
2,900,000  ABP Research and 
Consultancy (1995a), 
Horter (2003a), 
Southampton Dock 
Board (1953) 
1960s  Dredge-Deepening in the area of the Thorn Channel to 12.6m 
below CD. 
Not reported  ABP Research and 
Consultancy (1995a), 
Horter (2003a) 
1967-77  Dredge and Land Claim-British Transport Docks undertake 
massive programme of development on the upper Test for the 
handling of container traffic: (i) a total length of 1800m of quay 
frontage provided with dredge depth of up to 12.8m below CD; (ii) 
approximately 80ha of estuary was reclaimed the fill being almost 
entirely derived from the 7,000 000m
3 of material dredged for the 
approach channel, 450m diameter turning circle and new berths. 
7,000,000  ABP Research and 
Consultancy (1995a), 
Horter (2003a) 
1994-97  Dredge-Approach channel between Fawley and the container 
terminal deepened from 10.2m below CD to 12.6m below CD, 
deepening 206 and 207 berth. 
6,025,751  ABP Research and 
Consultancy (1995a), 
Horter (2003a) 
2002  Dredge-Depth of water at 205 berth increased to 15m below CD  Not reported  Dredging News Online 
(2002) 
Table 3.5 Time line of capital dredging occurring on Southampton Water 1889-2002 
It is possible that dredging is a contributing factor of salt marsh and mudflat erosion 
on Southampton Water as dredged channels reach to within 200m of the edge of the 
foreshore in some places, for example between Marchwood and Eling (Barton, 1979, 
River  and  Coastal  Environments  Research  (RACER)  2004).  Intertidal  slopes  were 
reported by Barton (1979) to be frequently much steeper (9-13 degrees) than those 
more remote from dredged channels and cut into Pleistocene gravels contributing, at 
least in part, to the failure of over steepened dredged channel margins.  Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Mudflat erosion may therefore be partly a result of the sediment „demand‟ induced by 
channel deepening over more than 100 years and the draw down of sediment from 
the intertidal zone from the failure of over steepened dredged channels. To prevent 
the channel accreting to previous levels through siltation maintenance dredging is 
carried out, this means that there is continued sediment loss from the estuary (River 
and  Coastal  Environments  Research  (RACER)  2004).  Dredge  material  is  completely 
removed  from  the  estuary  system  to  the  Nab  Tower,  off  the  Isle  of  Wight,  and 
prevents material recycling on to the intertidal areas (Horter, 2003a). 
As stated in Chapter 1.3 a proposal has been accepted for the removal 11.6 x 10
6m
3 
of  sediment  from  the  Southampton  Approach  Channel  and  confirms  the  ongoing 
pressures of dredging on the estuary in the foreseeable future. 
Land Claim 
There have been several major stages of land claim along Southampton Water over 
the past century, the majority involving port development, which are summarised in 
Table 3.6. The significantly large land claims will now be highlighted in more detail.  
Between  1927  and  1934  Britain‟s  largest  reclamation  of  the  time  (160  ha)  was 
undertaken  to  form  the  Western  Docks  between  Royal  Pier  and  Millbrook  Point. 
During  this  time  millions  of  tonnes  of  spoil  were  dumped  behind  a  wall  of  chalk 
brought by rail from a cutting in Winchester to claim the land (Coughlan, 1979). 
On  the  western  shore  of  Southampton  Water  lies  the  site  of  Marchwood  Power 
Station, the entire site was raised behind a stone-pitched sea wall during which 8 ha 
of  mudflat  were  reclaimed  and  a  further  5.5ha  were  lost  to  dredging.  Marchwood 
Military Port also stands partially on reclaimed ground (Coughlan, 1979).  
Between  the  1930s  and  1970s  a  reclamation  scheme  started  at  Dibden  with  the 
intention  of  using  this  land  for  future  port  development,  prior  to  this  there  were 
unbroken  salt  marshes  from  Hythe  to  Calshot.  The  four  stages  of  these  works 
involved the reclamation of 36, 40, 36 and 64 ha of salt marsh. Gravels from capital 
dredging were used to secure the land needed for immediate use. 350-500,000m
3 of 
mud  from  maintenance  dredging  removed  each  year  from  the  docks  and  the 
approach channel were also used to reclaim the Dibden Bay site. The use of dredge 
spoil to claim land was unusual at the time due to the costs involved, however the 
sea  disposal  site  was  at  a  sufficient  distance  to  make  it  economically  viable 
(Coughlan,  1979).  Proposals  to  develop  Dibden  Bay  on  the  western  shores  of 
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Port  of  Southampton  Masterplan  has  reintroduced  the  possible  development  of 
Dibden Bay for port use (ABP, 2010) (Chapter 1.3). 
Year  Development  Volume (m
3)  Source 
1836-1911  Land Claim- Eastern Dock development over the 
mudflats at the confluence of the Rivers Test and 
Itchen 
800,000  ABP Research and 
Consultancy (1995d) 
1920s  Land Claim-Marchwood Power Station and Military 
Port reclaim 8 ha. Entire site raised behind stone-
pitched sea wall. 
80,000  ABP Research and 
Consultancy (1995d) 
1920s- mid 
70s 
Land Claim-Land reclaimed with dredge material 
around Esso Oil Refinery, majority occurring in 60s 
800,000  ABP Research and 
Consultancy (1995d) 
1927-34  Land Claim-Britain‟s largest reclamation undertaken to 
form the Western Docks between Royal Pier and 
Millbrook Point 
1,620,000  ABP Research and 
Consultancy (1995d), 
Barton (1979) 
1930s-1955  Land Claim-Dibden Bay reclaimed using maintenance 
dredge spoil with the intention of reclaiming land for 
future port development: Phase 1 
360,000  ABP Research and 
Consultancy (1995d), 
Coughlan (1979) 
1950-51  Land Claim-Fawley Power Station  2,900,000  ABP Research and 
Consultancy (1995a), 
Horter (2003a), 
Southampton Harbour 
Board (1953) 
1956-1960  Land Claim-Dibden Bay reclaimed using maintenance 
dredge spoil with the intention of reclaiming land for 
future port development: Phase 2 
400,000  ABP Research and 
Consultancy (1995d), 
Coughlan (1979) 
1960-1962  Land Claim-Dibden Bay reclaimed using maintenance 
dredge spoil with the intention of reclaiming land for 
future port development: Phase 3 
360,000  ABP Research and 
Consultancy (1995d), 
Coughlan (1979) 
1962-1970  Land Claim-Dibden Bay reclaimed using maintenance 
dredge spoil with the intention of reclaiming land for 
future port development: Phase 4 
640,000  ABP Research and 
Consultancy (1995d), 
Coughlan (1979) 
1967-77  Dredge and Land Claim-British Transport Docks 
undertake massive programme of development on the 
upper Test for the handling of container traffic, 
approximately 80ha of estuary was reclaimed the fill 
being almost entirely derived from the 7,000 000m
3 of 
material dredged for the approach channel 
7,000,000  ABP Research and 
Consultancy (1995a), 
Horter (2003a) 
1967-1968  Land Claim-Western Dock extension scheme, Phase 
1. 6 ha reclaimed for berth 201 development 
60,000  ABP Research and 
Consultancy (1995d), 
Coughlan (1979) 
1970-1972  Land Claim-Phase 2 of Western Dock extension 
scheme, 32 ha reclaimed for creating berths 202-205 
320,000  ABP Research and 
Consultancy (1995d), 
Coughlan (1979) 
1972-1976  Land Claim-Phase 3, 45 ha reclaimed for berth 206 
development 
450,000  ABP Research and 
Consultancy (1995d), 
Coughlan (1979) 
1995  Land Claim-Reclamation at Southampton Container 
Terminal is completed 
Not reported  Southampton City Council 
(2005) 
Table 3.6 Time line of major land claim occurring on Southampton Water 1889-2002 
Reclamation of the Fawley Power Station site commenced in 1950-51 to coincide with 
the capital dredging in the Calshot approaches. Some 3 million cubic metres of spoil 
were pumped into the site. Having raised and levelled the site, 1.4 million cubic 
metres  were  re-excavated  and  spread  over  44ha  of  marsh  between  the  site  and 
Calshot Spit. 46 ha of marsh were raised and  at the northern end of the site an 
additional 16ha were reclaimed for a contractor‟s storage area, together with 4ha for 
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the development of the Esso oil refinery, the spoil from dredging around the jetty was 
used  to  reclaim 15ha of land (ABP Research & Consultancy Ltd, 1995d, Coughlan, 
1979, Horter, 2003a). 
The River Hamble has been at the forefront of developing marinas. Port Hamble was 
the  first  marina  to  be  built  in  1964,  then  Swanwick  Yacht  marina  in  1967/68, 
followed a few years later by Mercury Marina in 1971 and a few years later Hamble 
Point Marina resulting in land claim and dredging for access (Hamble Local History 
Society,  2009).  Smaller  activities  include:  the  extension  of  boat  yards  in  the River 
Hamble; the building of a small car park at Hythe and part of the area now covered by 
the  Western  Dock  for  a  municipal  waste  tip.  Railway  developments  involved  the 
cutting off of several areas of salt marsh behind the line which runs along the Test in 
1847  and  the  line  from  London  isolated  several  areas  of  Itchen  mudflat  on  the 
meander near Northam. The River Itchen marks the eastern edge of Southampton‟s 
port. Scattered along the river were many small wharves and quays where boats were 
repaired  and  maintained.  Storage  warehouses  lined  the  river  banks.  These 
constructions have led to smaller claims of land (PortCities, 2010). 
Puente et al (2002) and Yang et al (2003) found that land claims which protrude in to 
an estuary reduce the width of the channel (such as through the development of the 
Western Dock) resulting in a concentration of wave energy and constricted tidal flow. 
The area of the intertidal flats and salt marshes along the length of Southampton 
Water have decreased through reclamation, however the cross-sectional area of the 
entrance  channel  remains  more  or  less  unchanged.  This  means  that  the frictional 
dissipation of tidal energy across intertidal areas should be reduced, the flood tidal 
wave should progress more rapidly up the estuary and both tidal range and current 
velocities should increase. As the same volume of water attempts to pass a smaller 
channel which has less frictional dissipation of its energy the velocity of currents is 
increased encouraging the erosion of salt marsh and mudflats in the lower estuary 
and resulting in sediment remaining in suspension and being transported further in 
to  the  estuary  before  being  deposited  (Pye  &  French,  1993).  Therefore  land  claim 
would  be  expected  to  have  increased  the  erosion  of  the  Main  Channel  and 
encouraged the accretion of the upper estuary.  
Historical  data  from  between  1783  and  2008  will  be  analysed  to  investigate  how 
developments within each of these reaches have altered the estuary morphology in 
greater detail and the impacts of these on the estuary sediment budget in Chapter 4. Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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3.6  Sediment Budget 
The concept of the sediment budget was outlined in Chapter 2.5. Dolan et al. (1987) 
and Kana and Stevens (1992) recommend that the first step in developing a sediment 
budget  is  to  establish  a  “conceptual  budget,”  which  is  a  qualitative  model  which 
identifies all sediment sinks, sources and pathways within a defined volume, such as 
an estuary, before making any detailed calculations. In order to identify the elements 
of the conceptual sediment budget a literature review of current knowledge of the 
sediment budget for Southampton Water was undertaken.  
From the review of literature the elements of the sediment budget for Southampton 
Water  are  summarised  in  (Equation  3-1  and  were  used  to  create  a  conceptual 
sediment budget which is shown in  Figure 3.7.  Knowledge of the elements of the 
sediment budget from literature review will now be outlined.  
(∑ Q source +           P)                     = (∑ Q sink +                 R)            +        ΔV  
Cliff erosion              Placement of          Marine               Channel             Sum of  
River input                dredge spoil           output                dredging           channel, 
Marine input                                                            subtidal, 
and 
intertidal 
erosion 
and                                                                                                                     
deposition  
                    Land claim  
          
(Equation 3-1 Southampton Water Sediment Budget) 
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3.6.1  Sediment Inputs 
Natural sediment sources in Southampton Water are: 
• Minor input from cliffs at Netley 
• Suspended sediment release from mudflat and salt marsh erosion 
• Remobilised channel material 
• Net suspended sediment transport on the flood tide but limited entry of coarse 
sediments 
• Limited river input 
The  main  supply  of  fine  sediment  to  estuaries  in  the  western  Solent,  including 
Southampton Water, comes from the eroding cliffs and seabed in Christchurch Bay 
(Bray et al., 1995, New Forest District Council, 2010b). However, despite continued 
active erosion  this  supply  has  been  calculated  to  have reduced by 41% from 136, 
000m
3/yr,  prior  to  1932  to  80,000  m
3/yr  after  this  time  due  to  increased  coastal 
protection in the region (Lawn, 2001). Littoral drift is negligible because most of the 
sediment transported towards Southampton Water is entrained on Calshot and Hurst 
Spits or entrained and flushed back into Southampton Water. The protection from 
wave action and the prevention of littoral supply to the estuary through the presence 
of Calshot Spit has remained a stable feature throughout the study period (Figure 
3.8). Additionally eroding cliffs along the northern Isle of Wight shore contribute a 
fresh supply of fine sediments to the Western Solent, but it is uncertain how much 
crosses  the  channel  as  opposed  to  becoming  transported  north-eastwards  by  the 
residual flow (New Forest District Council, 2010b).  
Erosion of cliffs between the Itchen and the Hamble mouths supply gravel to local 
beaches but the quantity is small due to the slow retreat, low cliff height and the 
presence of coastal defence in places (New Forest District Council, 2010b). Highest 
recession  rates  (0.5ma-1)  appear  to  be  at  Hamble  Common  and  between  Netley 
Abbey and the Royal Victoria Country Park. Approximately 20-25% of the eroded sand 
and  gravel  released  by  cliff  erosion  (constituting  approximately  50-100  m
3a
-1)  is 
retained  on  local  beaches,  with  the  remainder  (about  400  m
3a
-1)  removed  as 
suspended load (Posford Duvivier, 1997b). Although the yield is very low it appears to 
have been sufficient in the past to supply the bulk of sand and gravel on the adjacent 
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Figure 3.8 Calshot Spit changes 1889-2003 
Fluvial input is considered small because river discharge is limited, low in sediment 
concentrations by comparison to tidal exchange and the bed load from rivers is likely 
to  be  stored  within  floodplains.  Fluvial  supply  to  Southampton  Water  comes 
principally from the Rivers Test, Hamble and Itchen, with a combined catchments of a 
little over 1,500 km
2 (Rendell Geotechnics and the University of Portsmouth, 1996). 
All of these drainage catchments are underlain by Palaeocene sandstones, clays and 
chalk (ABP Marine Environmental Research Ltd, 2005). Generally rain will soak into 
the porous chalk and come out slowly, this causes the rivers to react slowly to heavy 
rainfall and to retain a substantial flow in dry conditions, however when groundwater 
levels  are  reached  during  prolonged  rain  floods  may  occur,  as  in  2000/01  and 
2002/03 (Environment Agency, 2004). In contrast the geology of the southern parts 
of  the  catchment  are  clay  and  these  locations  respond  much  quicker  to  rainfall 
(Environment Agency, 2009b). Fluvial inputs amount to approximately 1% of the tidal 
prism, and only make small contributions to the exchanges of sediment within the 
estuary (ABP Marine Environmental Research Ltd, 2005). The reasons for the modest 
supply include flow and discharge regulation in each catchment and the diversion of 
a large proportion of potential fluvially transported sediment to storage in floodplains 
(Bray  &  Cottle,  2003c).  For  example,  the  River  Test  is    divided  into  two  or  more 
separate channels for much of its length due to past uses of the river which include 
waterpower for milling and floodwater for numerous water meadow systems, and has 
many  structures  to  regulate  flows  and  levels  (Environment  Agency,  2004).  Typical Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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flow rates and sediment inputs for each of the rivers entering Southampton Water 
were collected by the Environment Agency, as shown in Table 3.7(Townend, 2007).  
Table 3.7: Flow rate from tributaries in to Southampton Water (ABP Research & 
Consultancy Ltd, 2000) 
The river flow is highly variable from year to year. The change in the discharge from 
the three rivers through a review of literature is shown in Table 3.8. Sylaios (1994) 
showed that during 1988-1993 the fresh water discharge from the three rivers was 
reduced by up to 38%. Shi (2000) attributes the decline of discharge from the Test in 
1998  to  be  due  to  abstraction  of  water  from  the  river  in  the summer months  by 
Southern Water.  
River  Watershed Area 
(km2) 
Year  Average River 
Discharge m
3 s
-1 
Source 
Test    1982  11.83  Westwood (1982) 
  1,040  1988-1993  8.82  Sylaios (1994) 
    1998  7.43  Shi (2000) 
         
Hamble    1982  0.40  Westwood (1982) 
  56.6  1988-1993  0.29  Sylaios (1994) 
    1998  0.44  Shi (2000) 
         
Itchen    1982  5.33  Westwood (1982) 
  360  1988-1993  3.26  Sylaios (1994) 
    1998  5.98  Shi (2000) 
Table 3.8: Discharge from rivers entering Southampton Water 
Rendell  Geotechnics  and  the  University  of  Portsmouth  (1996)  calculated  that  the 
Rivers Itchen and Test contributed between 2,400 to 4,300 tonnes a
-1 of suspended 
load  to  the  upper  reaches  of  Southampton  Water,  with  the  River  Hamble  not 
supplying  more  than  300-350  tonnes  a
-1.  Bray  et  al.  (2000)  proposed  a  maximum 
River  Flow rate (m
3sec
-1)  Sediment Concentration (mgl
-1) 
Typical range  Mean Winter  Typical Range  Maximum 
River Test  6-37  17.6   0-15  65 
River Itchen  3-13  11.9  0.6-2.4  50 
River Hamble  0.6  1.3  Not available Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
 
  - 102 - 
fluvial sediment input of 17,000m
3a
-1, however this included bed load materials that 
would be stored in the lower river channels and upper estuaries without reaching 
Southampton  Water  (River and Coastal  Environments  Research  (RACER)  2004). The 
total input including both bed load and suspended load are considered to be modest 
in  comparison  to  the  quantities  of  sediment  introduced  by  tidal  currents  into 
Southampton Water. 
However, increased runoff and bank erosion resulting from increased flow rates has 
been found to increase sediment yields during floods of fluvial input to estuaries (HR 
Wallingford,  1996,  Townend,  2007).  Similarly  Eyre  et  al.  (1998)  compared  the 
sediment budget of the Brisbane River Estuary, Australia for an average flow year and 
a  wet  year.  It  was  concluded  that  during  floods  the  volume  of  water  discharged 
through rivers increased, resulting in the increased flushing of sediment from the 
mouth and reduced sediment retention efficiency of the estuary.  Nichols (1977) and 
Meade (1969) speculated that during floods the salt intrusion in an estuary can be 
pushed  seawards  through  the  estuary  mouth  and  allows  sediment  to  escape  an 
essentially closed circulation system.  
Suspended  sediment  concentrations  fall  towards  the  head  of  the  estuary  and 
therefore short term fluctuations in fluvial inputs significantly influence suspended 
sediment  concentrations  in  these  areas  (ABP  Marine  Environmental  Research  Ltd, 
2005).  By taking water column measurements of currents and suspended sediment 
of the Hudson River Estuary, USA in 1999 Geyer et al. (2001) found that the increased 
flow through the rivers entering the estuary shifted the zone of sediment trapping 
seaward. William Heaps (Hydrographer for the Port of Southampton, ABP) stated that 
during flood periods the locations of sediment deposition within Southampton Water 
are altered, with greater deposition towards the estuary mouth, resulting in a change 
in the location of where dredging is required (pers. comm. Heaps, 2005-2007). Geyer 
et al. (2001) further found that while the direction of sediment flux is determined by 
river  flow  the  magnitude  is  determined  by  the  spring-  neap  variation  in  tidal 
amplitude. The maximum sediment export was found when spring tides coincided 
with strong river outflow. 
There is also recycling of sediment stored in salt marshes and mudflat as a result of 
erosion  and  the  remobilising  of  sediments  from  the  estuarine  channel.  Sediment 
immobile  under  the  prevailing  hydraulic  conditions  can  be  released  through 
dredging,  where  dredged  material  can  re-settle  locally  or  be  transported  and 
contribute  to  siltation  further  afield  (River  and  Coastal  Environments  Research 
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3.6.2  Sediment Outputs 
The main outputs of sediment from Southampton Water are: 
• Natural output through tidal flow 
• Dredging 
Natural output is possible by tidal flow whilst human activities result in output by 
reclamation and dredging. Ebb current tidal streams are significantly more rapid than 
corresponding  flood  currents  so  net  output  occurs  by  bed  load  transport.  This  is 
mostly  coarse  silt  and  sand  because  tidal  current  velocities  are  insufficient  to 
transport coarser sediments. Capital and maintenance dredging (as outlined in Table 
3.5)  involves  direct  sediment  loss  from  the  estuary  and  also  affects  the sediment 
budget indirectly by interfering with the hydraulic regime of the estuary (River and 
Coastal Environments Research (RACER) 2004). Historically sediment inputs exceeded 
the outputs of the estuary resulting in the formation of the extensive mudflats and 
salt marshes lining the estuary (Hodson & West, 1972) however the erosion of salt 
marsh  between  1946  and  2003  reported  by  Williams  (2006)  indicates  that  this 
balance has altered.  
3.6.3  Sediment Stores and Sinks 
The main sediment stores and sinks in Southampton Water are: 
• Low volume gravel beaches 
• Spit features 
• Mudflats and salt marshes 
• Low cliffs 
 
• Channel basin 
 
• Land Claim 
 
Sand and gravel beaches of varying width and stability are only present between the 
Hamble and Itchen river mouths which are most exposed to wave action, composed 
of material from the adjacent eroding cliffs (Posford Duvivier, 1997b). The northern 
and  western  margins  of  the  estuary  are  low  energy  environments  fronted  by  salt 
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silts and clays which form the mudflats of the intertidal zones and the flanks of the 
channels.  Significant  dredging  in  the  main  navigation  channel  has  exposed 
Pleistocene gravels which are more resistant to scour and can maintain higher slope 
angles  than  estuarine  silts  and  clays.  Siltation  following  dredging  results  in  the 
deposition of silts and clays over gravels. Mobile sand and gravel banks have not 
been recorded in Southampton Water so it is concluded that deposition over the past 
6,500 years have mostly comprised of silts and clays. Coarser materials are relatively 
scarce in surface sediments. Erosion has contributed to a reduction in the volume of 
sediment  stored  in  salt  marshes  and  mudflats  (River  and  Coastal  Environments 
Research  (RACER)  2004).  Land  claim  interferes  with  the  sediment  budget  by 
immobilising  sediment  stores  (River  and  Coastal  Environments  Research  (RACER) 
2004). 
From historic photographic interpretation Williams (2006) found the salt marsh area 
along Southampton Water had decreased by 63.5% between 1946 and 2003, a loss of 
22% excluding loss through reclamation. Salt marsh loss on the River Hamble for the 
same time period was 41.5%, or 23% excluding reclaimed land (Cope et al., 2007a). 
The current vertical erosion rate of the intertidal areas has been identified from a 
combination  of  historical  sources  and  modelling  approaches  (ABP  Marine 
Environmental Research Ltd, 2001, ABP Research & Consultancy Ltd, 2000). In the 
outer estuary this is estimated at an average of 6-7mm per year. Within the River 
Hamble  the  current  average erosional  rate is  estimated  at  about  0.4mm per year. 
Within the River Itchen there is no discernable trend (Townend, 2007). Overall for the 
last 30 years Townend (2007) attributes the intertidal with an average vertical decline 
of  0.3-1.0  cm/year  and  narrowing  of  0.5-2.2m/  year.  This  is  in  agreement  with 
sedimentary/ geochemical observations which show that modern accumulation rates 
within the non-dredged areas of the channel do not exceed 0.5cm/yr and that salt 
marsh  accumulation  rates  vary  between  0.4  and  0.9  cm/yr  with  the highest  rates 
found at Hythe (Cundy & Coudace, 1995, Velegrakis & Collins, 2000). 
The  levels  of  suspended sediment  in  the water column  exhibit  a  density  gradient 
along the length of Southampton Water as the rivers provide very little suspended 
sediment  while  the  Solent  acts  as  a  large  reservoir.  The  density  gradient  exists 
between Calshot to Fawley, flattens between Fawley and Hythe then steepens again 
between Hythe and Marchwood. The process of advection- diffusion draws suspended 
sediment  into  the  estuary  giving  rise  to  the  gradient.  Suspended  sediment 
concentrations fall rapidly within Southampton Water from an average level of around 
40 mgl
-1 at the mouth to 10-20 mgl
-1 at the Dock Head and then again to as low as 5-
10 mgl
-1 around the Container Terminal (Townend, 2007). These levels are supported 
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inputs  can  make  a  significant  difference  to  suspended  sediment  concentrations 
towards the head of each river. Unfortunately as there is no information of sufficient 
spatial and temporal resolution the suspended particulate matter fluxes in and out of 
the  estuary  cannot  be  estimated  from  existing  field  measurements  (Velegrakis  & 
Collins, 2000). 
3.6.4  Past Studies of the Sediment Budget 
As  outlined  in  Chapter  1.4.2  ABP  Research  &  Consultancy  (2000)  attempted  to 
quantify the sediment budget for Southampton Water, this is shown in Table 3.9. ABP 
Research  &  Consultancy  (2000)  found  that  sediment  input  from  cliff  erosion  and 
rivers  was  small.  The  largest  supply  of  sediment  was  found  to  be  from  marine 
sources and the largest quantity of sediment removed from the estuary was through 
dredging.  
Sources of Sediment  Sinks and Removal of Sediment 
Intertidal Erosion  SW  40  Intertidal 
Siltation 
SW  - 
Test   9  Test   3 
Itchen  Nd  Itchen  Nd 
Hamble  Nd  Hamble  Nd 
Subtidal Erosion  SW  29  Subtidal Siltation  SW  - 
Test   -  Test   1 
Itchen  Nd  Itchen  Nd 
Hamble  Nd  Hamble  Nd 
Cliff Erosion  SW  5  Dredging  SW  244 
River Load  Test  10  Test   136 
Itchen   6  Itchen  3 
Hamble  1  Hamble  15 
Saltmarsh  6  Saltmarsh    4 
Marine Import  300       
Total  406  Total    406 
Nd=no data     SW= Southampton Water 
Table 3.9 Summary of sources and sinks for Southampton Water (x10
3 m
3/yr) between 
1783-1996 (ABP Research & Consultancy Ltd, 2000). 
Townend    (2007)  found  that  the  main  limitations  to  the  historic  data  was  that  it 
related to prior to the capital dredge of 1996/7 and was based on an incomplete 
coverage of the estuary, largely omitting change in the Rivers Hamble and Itchen. 
Morphological modelling work was used by Townend to adjust the sediment budget 
for the period after 1996; the results of this analysis can be seen in Table 3.10. It was 
found that certain values within the sediment budget had altered, largely because of 
the channel deepening in 1996. The amount of siltation in Southampton Water and 
the River Test had increased by some 11%. There was also an increase in the amount 
of intertidal erosion in Southampton Water and the River Test, and a small increase in 
intertidal siltation in the River Itchen.  The change in the sediment budget following 
the  1996  dredge  highlights  the  need  to  understand  the  changes  in  the historical 
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Sources of Sediment  Sinks and Removal of Sediment 
Intertidal Erosion 
SW  53 
Intertidal 
Siltation 
SW  - 
Test   23  Test   - 
Itchen  -  Itchen  2 
Hamble  3  Hamble  - 
Subtidal Erosion 
SW  35 
Subtidal Siltation 
SW  - 
Test   13  Test   - 
Itchen  2  Itchen  - 
Hamble  2  Hamble  - 
Cliff Erosion  SW  5 
Dredging 
SW  285 
River Load 
Test  10  Test   170 
Itchen   6  Itchen  7 
Hamble  1  Hamble  13 
Saltmarsh  6  Saltmarsh    4 
Marine Import  321       
Total  480  Total    480 
Nd=no data     SW= Southampton Water 
Table 3.10 Summary of sources and sinks for Southampton Water (x10
3 m
3/yr) from 
1996 (Townend, 2007). 
The criticisms of the ABP Research & Consultancy (2000) made by Bray (2000)  and 
RACER (2004) largely remain true for the sediment budget calculated by Townend 
(2007). This thesis aims to address these: 
1)  The  report  did  not  clearly  define  the  response  of  the  estuary  to  past 
reclamations and dredging (Townend only commented on the changes since 
the 1996 capital dredge) or the cumulative effects of all major historic impacts 
upon  the  estuary.  It  was  also  not  clear  whether  the  estuary  has  achieved 
equilibrium or how far away it is from achieving it. 
2)  The  impact  of  reclamation  on  historical  sediment  budgets  was  not 
documented  and  the  contribution  of  dredging  on  the  sediment  budget 
appeared underestimated. Reclamation acts as a major sediment loss from the 
sediment  budget  by  immobilising  sediment  from  the  estuary  system.  As 
Southampton  Water  is  a  low  flux  sediment  system  its  capacity  to  replace 
losses naturally is limited. Dredging and reclamation therefore results in the 
significant  net  loss  of  sediment  which  must  be  replaced,  with  limited 
sediment availability the capacity of the estuary to adjust its morphology to 
future  environmental  changes  is  reduced.  Bray  (2000)  suggested  that  the 
increase in marine inputs to the estuary to compensate for the sediment loss 
is difficult to perceive due to the historic erosion of the intertidal zone. Bray 
(2000)  and  RACER  (2004)  recommended  compiling  a  historical  sediment 
budget to investigate the effects of major reclamations and dredging in more 
detail. 
3)   RACER  (2004)  and  criticisms  by  Bray  (2000)  concluded  that  the  sediment 
budget of ABP Research and Consultancy (2000) had significant uncertainties 
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budget limit the accuracy of the available budget inputs and outputs. This 
thesis aims to quantify these uncertainties in order to assess the confidence 
in calculations of the sediment budget.  
To address the comments made by these authors and to improve understanding of 
the sediment budget this thesis will take in to account the following (as illustrated in 
Figure 3.7): 
1)  Changes in the Itchen and Hamble estuaries  
2)  The impact of reclamations, dredging and managed realignment  
3)  A historic review of changes in Southampton Water since 1783  
4)  The error in each of the contributing elements in order to provide a degree of 
confidence in the sediment budget. 
 
Through these improvements in the sediment budget calculations the objective of 
this study, as outlined in Chapter 1.4, is to gain an understanding of the cumulative 
impact of various pressures on the estuary. Additionally the estuary will be split into 
four reaches to identify where changes in the sediment budget have occurred, these 
being  the  Test  Estuary,  Hamble  Estuary,  Itchen  Estuary  and  the  Main  Channel  as 
described in Chapter 3.5.1. 
3.7  Pressures on Southampton Water 
The DPSIR framework (as defined in Chapter 1.3 and applied to a generic estuary in 
Chapter 2.6) was used to compile the natural and anthropogenic forces which have 
resulted in estuarine change on Southampton Water between 1783 and 2008 from a 
review of literature. These are summarised in detail for a natural system in Table 3.11 
and  anthropogenically  influenced  system  in  Table  3.12.  The  current  management 
undertaken for each of the pressures is also outlined based on current knowledge of 
the estuarine system. As highlighted in this chapter there are gaps in the current 
understanding of estuarine response to these pressures. Using data between 1783 
and 2008 the change in estuary morphology, the sediment budget and the state of 
dynamic equilibrium of the estuary is calculated in Chapter 4 to bridge the gap in the 
understanding  of  the  impacts  of  the  pressures  to  estuarine  change.  Based  on 
literature review the indicators of the impacts of the various pressures have been 
highlighted  and  expected  outcomes  from  historical  analysis  stated.  Following 
calculations of the change in the sediment budget, estuary morphology and dynamic 
equilibrium from historic data in Chapter 4 these will be reflected upon in Chapters 5 
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Driver  Pressure  State   Impact Known from Literature 
Review or  Expected from Historical 
Analysis 
Significance of pressure 
on estuary  sediment 
budget  
Response required from literature review  
Climate 
Change 
Rising Sea 
Levels  
Mean Sea Level : Trend of mean sea level for 
Southampton was a rise by 1.30 +/- 0.18 
mm/yr between 1935 and 2005 (Haigh, 2009) 
Tidal Component :Amplitude is about 3.7% of 
tidal range (Pugh, 1987), therefore for 
Southampton is ~12mm/year cycling change, 
last peak was 1997 on 18.6 yr cycle based on 
tidal data from Portsmouth (Townend, 2007) 
Non Tidal Residual : Annual storm count per 
year for Southampton decreased between 
1935 and 2006 by -0.059 +/- 0.031; total 
annual duration: -0.195 +/- 0.094 hours per 
year; and total intensity: -0.031 +/- 0.018 
m*hours/year (Haigh et al., 2010). 
Spatial shift of coastal 
geomorphology (Pethick & Crooks, 
2000). A study on the upper reaches 
of the River Test; above Redbridge 
flyover by the Channel Coastal 
Observatory (CCO) indicated that 
the marsh area above this point is 
naturally advancing inland with rising 
sea levels, in the absence of man 
made sea defences (Cope, 2006).   
Indicators: Sediment Budget - 
expect increase in sediment input 
required to maintain intertidal and 
channel volumes. Estuary 
morphology- expect landward 
migration of geomorphology. 
LOW- There has been 
little change in the tidal 
levels within the study 
period, as shown in 
Appendix 1, which shows 
tide gauge data for 
Southampton between 
1935 and 2006 indicating 
that the influence of rising 
sea levels during the study 
period was of low 
significance. 
Rossington et al. (2007) used the model 
ASMITA (Aggregated Scale Morphological 
Interaction between Tidal Inlets and the 
Adjacent Coast) to predict the critical rate of 
sea level which would trigger intertidal volume 
loss in Southampton. It was found that in 
Southampton Water the inner estuary (Test 
Estuary) was more sensitive to sea-level rise 
than the outer estuary (Main Channel).Estuary 
area, sediment supply and sediment transport 
were found to influence estuary sensitivity to 
sea level rise (Rossington 2008). Management 
should focus on maximising sediment supplies 
to intertidal areas, such as through the use of 
beneficial dredge spoil, and allowing space for 
spatial shift such as through managed 
realignment (Pitt, 2008).  
Cliff Erosion  Change in 
sediment 
budget 
inputs 
Erosion of cliffs between the Itchen and 
Hamble rivers supply gravel to local beaches 
but the quantity is small due to the slow retreat 
of cliff height (River and Coastal Environments 
Research (RACER) 2004). 
Eroding cliff in Christchurch Bay (Bray et al., 
1995, New Forest District Council, 2010b) are 
actively eroding, this supply has been 
calculated to have reduced by 41% from 136 
000m
3/yr, prior to 1932 to 80,000 m
3/yr after 
this time due to increased coastal protection in 
the region rather than natural causes (Lawn, 
2001). Additionally eroding cliffs along the 
northern Isle of Wight shore contribute a fresh 
supply of fine sediments to the Western 
Solent, but it is uncertain how much crosses 
the channel (New Forest District Council, 
2010b).  
A decline in cliff input can cause a 
reduction on the available sediment 
to feed salt marshes, mudflats and 
channels (Bray et al., 1995). A 
reduction in sediment supply 
appears to be due to anthropogenic 
rather than natural causes. 
Indicators: Estuary morphology- 
expect decline in salt marsh, 
mudflats and channel volumes. 
Sediment budget- expect a 
decrease in sediment input from 
cliff erosion and marine input 
over time. 
LOW- Due to the low rates 
of cliff erosion within the 
estuary. 
 
HIGH- Actively eroding 
cliffs in Christchurch Bay 
and Isle of Wight 
contribute to marine input 
supplies, though this 
supply has decreased 
over time due to the 
implementation of coastal 
defence immobilising 
sediment supplies. 
Management should focus on identifying the 
necessity of coastal defences and removing 
where not required to mobilise supplies. 
Table 3.11: A synthesis of natural drivers to estuarine change, and their pressures, states, impact and responses on Southampton Water 1783-
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Driver  Pressure  State   Impact Known from Literature 
Review or  Expected from 
Historical Analysis 
Significance of 
pressure on estuary  
sediment budget 
Response required from literature review  
Climate  Changing in 
temperatures  
Over the next century the best estimate for global 
average surface air warming is 1.8
oC to 4.0 
oC (at 
2090-2099 relative to 1980-1999) (IPCC, 2007). 
Temperature change may affect 
the salinity of soils through 
increasing the rate of evaporation 
on the soil surface. High soil 
salinity may lead to the death of 
plants and the formation of salt 
pans, areas of bare mud; these 
areas are more susceptible to 
erosion as they are not protected 
by vegetation (Hughes, 2004). 
Indicator: Estuary morphology- 
expect change in the 
fragmentation and complexity of 
salt marsh 
LOW- However 
changing 
temperatures may 
have contributed to 
the fragmentation of 
salt marsh and volume 
of sediment stored in 
marshes.  
As well as international responses to climate 
change outlined in Table 2.2, an outcome of 
the UK Climate Change Risk Assessment 
(CCRA) 2012 was A Summary of Climate 
Change Risks for South East England (Climate 
UK, 2012) this report bring together the views 
of stakeholders from across the South East to 
tackle the causes and effects of climate 
change. The next step in the process is the 
development of the National Adaptation 
Programme (NAP), led by Defra and also the 
development of the Environment Agency‟s new 
role as the adaption delivery body in England. 
Climate  Change in 
precipitation 
According to the Intergovernmental Panel for Climate 
Change (2007) global temperature rise is likely to lead 
to changes in precipitation because of changes in 
atmospheric circulation. This is likely to have minimal 
impact on Southampton as fluvial inputs amount to 
approximately 1% of the tidal prism, and only make a 
small contribution to the exchanges of sediment within 
the estuary (ABP Marine Environmental Research Ltd, 
2005). The reasons for the modest supply include flow 
and discharge regulation in each catchment and the 
diversion of a large proportion of potential fluvially 
transported sediment to storage in floodplains (Bray & 
Cottle, 2003c). 
A change in precipitation can 
change the supply of sediment 
brought into estuaries by rivers 
(Hughes, 2004). William Heaps 
(Hydrographer for the Port of 
Southampton, ABP) stated that 
during flood periods the locations 
of sediment deposition within 
Southampton Water are altered, 
with greater deposition towards 
the estuary mouth, resulting in a 
change in the location of where 
dredging is required (pers. comm. 
Heaps, 2005-2007). 
Indicators: Estuary sediment 
budget expect change in 
sediment input from rivers. 
Estuary morphology- expect 
seaward migration of sediment 
accretion  
LOW- Fluvial inputs 
only make a small 
contribution to the 
sediment budget. 
An account must be made of changes in the 
input of flooding or changes in the sediment 
input from rivers so that the impacts of 
changing precipitation as highlighted by Meade 
(1969) and Hughes (2004) are not mistaken for 
the impacts of another factor influencing an 
estuary which can be managed such as 
dredging rather than a flood event. 
 
Table 3.11 continued: A synthesis of natural drivers to estuarine change, and their pressures, states, impact and responses on Southampton 
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Driver  Pressure  State   Impact   Significance of 
pressure on 
estuary  sediment 
budget 
Response 
Urbanisation and 
Industrialisation 
Coastal 
defence 
Southampton City, 
Marchwood, Fawley 
and the Rivers 
Itchen and Hamble 
are defended to 
protect industry, 
marinas and 
housing 
developments. Over 
26km of the 40km 
shoreline of the 
Southampton Water 
is fronted by man 
made defences, 
over half of which 
consist of sheet 
piling and 
sandbanks (New 
Forest District 
Council, 2010a).  
The presence of man-made defences has constrained the 
ability of intertidal habitats (notably salt marsh) to move 
landward in response to sea level rise (Townend, 2004).  
Additionally sediment input to the estuary has decreased as 
active erosion from Christchurch Bay has been calculated to 
have reduced by 41% from 136 000m
3/yr, prior to 1932 to 
80,000 m
3/yr after this time due to increased coastal 
protection in the region (Lawn, 2001)   
Indicators: Estuary morphology- expect decline in salt 
marsh, mudflats and channel volumes. Sediment budget- 
expect a decrease in sediment input from cliff erosion and 
marine input over time 
LOW - due to the 
low rates of cliff 
erosion within the 
estuary. 
 
HIGH- from cliffs 
contributing to 
marine input. The 
influence of man 
made sea defence 
has resulted in the 
immobilisation of 
potential supplies of 
eroded cliff material. 
The North Solent Shoreline Management Plan 
(2010c)  has recommended the policy for the 
majority of Southampton Water is to „hold the line‟ 
to protect the financial asset of industry and 
housing lining the shores. The management policy 
for the River Hamble is for „no active intervention‟. 
The policy for the Itchen is being developed 
(Southampton City Council, 2010). On the River 
Hamble lies the managed realignment site Bunny 
Meadows where in about 1930 the sea wall was 
breached in a number of places to allow the 
regeneration of salt marsh and mudflat this will 
continue to be allowed to develop (Cundy et al., 
2003). 
The Solent Dynamic Coast Project (Cope et al., 
2007a) aimed to identify areas within the Solent 
where managed realignment was feasible to create 
new salt marsh habitat to replace that lost by 
coastal squeeze. All sites apart from those lining 
the River Hamble and Hook Lake were judged to 
be unsuitable. The site has the potential to create 
33ha of intertidal habitat if re-aligned now and 
46ha in 100 years (Cope et al., 2007b). 
Urbanisation, 
agriculture and 
industrialisation 
Land 
Claim 
There have been 
several major 
stages of land claim 
along Southampton 
Water over the past 
century, the 
majority involving 
port development, 
which are 
summarised in 
Table 3.6. 
Land claim has resulted in the direct removal of salt marsh 
and mudflat on Southampton Water resulting the narrowing of 
the estuary (Chapter 0). As the same volume of water 
attempts to pass a smaller channel which has less frictional 
dissipation of its energy the velocity of currents are increased 
encouraging the erosion of salt marsh and mudflats in the 
lower estuary and resulting in sediment remaining in 
suspension and being transported further in to the estuary 
before being deposited (Pye & French, 1993).   
Indicators: Estuary morphology- expect decline in salt 
marsh, mudflats volumes. Sediment budget- expect 
immobilisation of sediment  
HIGH- There have 
been major land 
claim activities 
along the length of 
Southampton 
Water throughout 
the study period 
Land claim is now considered under Article 6.3 of 
the EC Habitats and Species Directive 
(92/43/EEC) which means that in view of 
conservation objectives land claim should only 
take place if no other options are available and if it 
is of overriding public interest. This has 
dramatically reduced the land claimed on the 
estuary though the ongoing impacts of historic land 
claims must be considered in estuary management 
plans. 
Table 3.12: A synthesis of anthropogenic drivers to estuarine change, and their pressures, states, impact and responses on Southampton Water 
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Driver  Pressure  State   Impact   Significance of pressure 
on estuary  sediment 
budget 
Response 
Industrialisation  Pollution  The building of Fawley Oil 
Refinery included the placement 
of outfall pipes along the salt 
marsh at Fawley heavy metal 
pollution was  associated with the 
discharges from the pipes in the 
1950s  (Dando, 2005). 
Heavy metal pollution resulted in the 
dieback of S.anglica communities in the 
1950s (Dando, 2005). 
Indicators: Estuary morphology- 
expect decline in salt marsh volume 
around Fawley in 1950s. Sediment 
budget- expect decline in sediment 
stored in salt marsh 
LOW impact on the overall 
estuary however there was 
a LOCALISED HIGH- 
around Fawley due to the 
impacts of pollution in the 
1950s resulting in salt 
marsh decline however this 
was only at Fawley and not 
in the rest of the estuary. 
On Fawley marsh on Southampton Water 
improvement of the effluent quality 
combined with transplantation of S. anglica 
and monitoring schemes improved the 
health of the salt marsh to re-establish pre-
1950s areas by 2005 (Dando, 2005).  
Port 
Development 
Dredging   There has been extensive 
dredging along Southampton 
Water since 1836, the majority 
involving improving port access, 
which are summarised in Table 
3.5.  
The channel has been deepened and 
widened through capital dredging with 
sediment removed completely from the 
estuary system to the nab tower. Material 
accumulating in the channel is 
completely removed from the sediment 
system also to the nab tower (Horter, 
2003a). Williams (2006) indicated a 
relationship between salt marsh erosion 
and dredging on Southampton Water. 
Indicators: Estuary morphology- 
expect increase in channel volume 
and decreases in intertidal volumes. 
Sediment budget- expect increase in 
sediment output 
HIGH- Significant volumes 
of sediment have been 
removed from the estuary 
system through capital and 
maintenance dredging, 
summarised in Table 3.4. 
Management should focus on retaining 
sediment from dredging within the estuary 
system (Morris, 2007).   
 
Table  3.12  continued:  A  synthesis  of  anthropogenic  drivers  to  estuarine  change,  and  their  pressures,  states,  impact  and  responses  on 
Southampton Water 1783-2008 
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Driver  Pressure  State   Impact   Significance of 
pressure on estuary  
sediment budget 
Response 
Shipping  Species 
Introduction  
The formation of S. anglica following species 
introduction is described in Chapter 2.4.4. 
 
The hybrid species, S. anglica, was more salt 
tolerant than its predecessors (Raybould et al., 
2000).  The spread of S. anglica in Southampton 
Water occurred from about 1890-1920  
 
Retreat of S.anglica  marsh has been widely 
reported for the western shore of Southampton 
Water since about the 1940s (ABP Research & 
Consultancy Ltd, 2000, Goodman et al., 1959, 
Halcrow, 1998, Hydraulics Research, 1987) and 
within the Hamble estuary (Goodman et al., 1959, 
Gray et al., 1991, Hooke & Riley, 1987)  
 
The colonising swards of cord grass interrupted 
water flow and increased sedimentation so that 
significant quantities of suspended sediments were 
trapped and stored (Goodman, Braybrooks and 
Lambert, 1959; Raybould, et al, 2000).  
 
Degeneration and dieback of S. anglica resulted in 
previously root bound sediments around pan edges 
and marsh margins becoming mobilised and 
susceptible to lateral erosion by tidal scour and by 
wave attack (Gray et al., 1991). 
 
Indicators: Estuary morphology, expect large 
areas of salt marsh between 1800 and 1920s 
then decline due to dieback. Sediment budget- 
expect increase in maintenance dredge 
requirements as a result of dieback releasing 
sediment previously stabilised by salt marsh. 
HIGH- The initial spread 
of S. anglica resulted in 
the stabilisation of 
sediment through 
binding from salt marsh 
roots resulting in a 
sediment demand in the 
estuary. The subsequent 
dieback of S.anglica 
resulted in sediment 
release.  
Management should focus 
on retaining sediment 
released by dieback within 
the estuary system 
(Raybould, 2000). 
Recreation, 
Industry and 
Port 
Development 
Vessel 
wakes 
The main vessels using Southampton Water are: 
container vessels; cruise ships;  vehicle and 
passenger ferries and smaller vessels accessing 
marinas (Broughton, 2000). Queresma (2004) 
found small fast recreational boats usually travel 
at high speeds closer to the shore than larger 
vessels and therefore generate the highest energy 
levels. ABP Research & Consultancy (2000) 
estimate waves generated by ship movements 
contribute to an estimated 2% of the energy 
received at Netley Shore, and some 10% at Hythe.   
Intertidal sediments were found to be resuspended 
in response to vessel-generated wakes contributing 
to the erosion of the intertidal habitats on 
Southampton Water (Broughton, 2000, Queresma, 
2004) 
Indicators: Estuary morphology- expect increase 
in erosion of intertidal on western shores 
compared to eastern shores. 
LOW/MEDIUM- 
Increased energy at the 
shoreline can promote 
localised erosion of salt 
mash and mudflats 
resulting in a decrease 
in sediment stored in 
these forms. 
Potential management 
measures are detailed in 
the report „Guidelines for 
Managing Wake Wash 
from High Speed Vessels‟ 
(Maritime Navigation 
Commission, 2003). 
Recreation  Trampling  Salt marsh and mudflats on Southampton Water 
experience trampling as the result of tourism and 
recreation particularly due to the high urban population in 
its nearby surroundings and ease of access (Clarke et al., 
2012).  
Salt marsh on the Solent are vulnerable to trampling (Cox & 
Ravenscroft, 2009). Intertidal trampling can cause the 
instability of intertidal habitats and a decline in vegetation 
cover (Pye, 2000).  
Indicators: Estuary morphology- expect erosion of 
intertidal areas prone to public access 
LOW- Trampling can 
promote localised erosion of 
salt mash and mudflats 
resulting in a decrease in 
sediment stored in these 
forms.  
Potential management includes 
restricting access to the 
trampled site, putting up signs 
to warn the public about the 
effects of trampling and 
replanting the area (Davenport 
& Davenport, 2006). 
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3.8  Conclusions 
To further satisfy Objective 1 of this thesis which was to „Identify the natural and 
anthropogenic pressures placed on the estuarine environment, and potential impacts 
to  energy  dispersal, estuary morphology and the sediment budget’  these concepts 
were related to the case study site, Southampton Water. The key conclusions of this 
review are highlighted below. 
Southampton Water has experienced major morphological modification through both 
natural change and increasing commercial and recreational use. The key components 
of  the  sediment  budget  for  Southampton  Water were  used  to  create a  conceptual 
model which is shown in Figure 3.7.  A summary of the natural and anthropogenic 
influences  to  Southampton  Water from  the literature review in terms of the DPSIR 
framework were then outlined in Table 3.11 and Table 3.12. This review identified 
that the major influences on the sediment budget and morphology of Southampton 
Water during the study period were land claim and dredging associated with port 
development  and  industrial  development.  Coastal  defence  structures  within  the 
Solent  have  immobilised  previously  available  sediment  contributing  to  marine 
sediment supplies.  A question remained over the extent of the influence of these 
pressures on the estuary and whether the estuary was still responding to  historic 
changes.  The  answer  to  these  questions  is  needed  to  inform  future  estuary 
management  strategies.  Effective  management  of  the  estuary  is  driven  by 
conservation interests as parts of the salt marsh and mudflats lining the estuary are 
protected by European and UK legislation due to their supporting function for birds 
and rare salt marsh species.  
The sediment budget for Southampton has been previously calculated by both ABP 
Research  and  Consultancy  Ltd  (2000)  and  Townend    (2007)  for  1996.  Both  Bray  
(2000) and RACER (2004) made criticisms about the ABP budget which also applied to 
the budget calculated by Townend, these were:  
 
1)  The sediment budgets did not define the response of the estuary to past 
reclamations and dredging. 
This  means  that  through  current  knowledge  it  is  not  possible  to  understand 
whether  the  estuary  is  still  being  influenced  by  historic  changes.  This  bears 
importance  for  assessing  the  impact  of  future  developments.  Under  the 
Conservation  of  Habitats  and  Species  Regulations  2010  competent  authorities 
must make an appropriate assessment of any plan or project which is likely to 
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other  plans    or  projects.  The  Habitats  Regulations  Guidance  Note  4  (English 
Nature, 2001) highlights that this includes consideration of the cumulative impact 
of completed plans or projects. 
 
2)  Changes in the Itchen and Hamble were not taken in to account 
Without  knowledge  of  what  is  happening  in  these  estuaries  knowledge  of  the 
sediment  budget  for  Southampton  Water  is  only  partial,  also  the  extent  of 
morphological changes on the estuary is incomplete. 
 
3)  The uncertainties of the budget were not calculated.  
Therefore the confidence associated with any calculations is unclear. 
 
By undertaking a historic review of the change in the sediment budget for the entire 
estuary between 1783 and 2008 including the associated error this thesis aims to 
address these issues. To reflect the extent of the influence of pressures to estuarine 
change  within  Southampton  Water  the  estuary  within  this  study  is  split  into  four 
reaches:  the  Test  Estuary;  the  Itchen  Estuary;  the  Hamble  Estuary  and  the  Main 
Channel.  The  method  by  which  the  morphology,  sediment  budget  and  dynamic 
equilibrium have changed over time for each of these reaches is presented in Chapter 
4.  The  results  are  presented  in  Chapter  5;  these  are  compared  to  the  historic 
modifications which have occurred in the estuary which were outlined in this chapter. 
The  overall  aim  of  these  analyses  are  to  obtain  a  greater  understanding  of  the 
impacts of pressures on the system and reflect on whether current management is 
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4.  Method- The Change in Dynamic 
Equilibrium Southampton Water 1783-2008 
4.1  Introduction 
The  components  of  a  coastal  system,  as  presented  in  Chapter  2.2  are  the 
morphological state; forces, which determine energy dispersal; and sediments, which 
determine  sediment  transport  and  sediment  budgets.  The  dynamic  equilibrium  is 
achieved through a balance of these components, therefore to understand the causes 
for a change in equilibrium state over time there must be an understanding of how 
each of these elements have altered and the reasons for these changes. The method 
which was used to calculate the changes in these components will now be outlined. 
 
In Chapter 3 the limitations of the current understanding of the dynamic equilibrium 
of  Southampton  Water  were  highlighted.  To  address  these  issues  and  satisfy 
objectives 2 to 4 of this thesis (Chapter 1.4) the historic sediment budget for the 
entire estuary was calculated. The methods used to calculate the sediment budget of 
the  estuary;  the  change  in  estuary  morphology  and  the  change  in  the  dynamic 
equilibrium of the estuary (Objective 2) including an analysis of errors (Objective 3) 
are presented in this chapter. The changes in the dynamic equilibrium of the estuary 
will  then  be  related  to  the historical  changes  (identified  in  Chapter 3) in order to 
identify  which  pressures  have  had  the  greatest  impact  on  estuarine  dynamics  in 
Chapter  5.  In  Chapter  6  the  outcome  of  these  results  will  then  be  used  to  make 
informed  recommendations  for  the  coastal  management  of  the  estuary;  identify 
potential improvements to estuary monitoring and identify further beneficial studies. 
The use of the DPSIR framework and sediment budget calculations in contributing to 
the wider knowledge of estuaries will also be discussed. 
4.2  Energy Dispersal 
Townend  and  Dun  (2000)  and  Price  and  Townend  (2000)  quantified  the  energy 
dispersal in the estuary for 1783, 1926 and 1996. The distribution of energy was 
based  on  the  concept  that  the  entropy  per  unit  volume  will  tend  to  evolve  to  a 
minimum compatible with the conditions imposed on the system (Prigogine, 1955) 
and therefore there is an exponential decay of tidal energy upstream as the estuary 
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The following equation was used by Townend and Dun (2000) to quantify the change 
in energy dispersal in the estuary: 
ρg∫ HQ dt = exp (Cx+ D) (Equation 4-1) 
 
where C and D are constants, and pg∫ HQ dt is the sum of energy passing through a 
section at a distance x from the mouth of the estuary over a complete tide, with ρ  
being the density of water, g the acceleration due to gravity, H is the specific energy 
at the head and Q is the discharge. Equation 4-1 was solved for the estuary using the 
aid of a hydrodynamic model for the estuary.  
The  results  of  the  analysis  by  Townend  and  Dun  (2000)  and  Price  and  Townend 
(2000) are presented in Chapter 5 to provide insight into the changes in the sediment 
budget, morphology and equilibrium state of the estuary on energy dispersal. 
4.3  The Sediment Budget 
The  sediment  budget  equation  as  outlined  in  Chapter  2,  by  Rosati  (2005)  was 
modified to take into account land claim activities on Southampton Water therefore 
Equation 4-2 was used to calculate the sediment budget for Southampton Water. The 
review  of  literature  in  Chapter  3  enabled  a  conceptual  sediment  budget  for 
Southampton Water to be created, as shown in Figure 3.7. The method by which each 
of the elements of the sediment budget was calculated will be explained further in 
this chapter.  
(Σ Q source + P) + I + ∆V    =     (ΣQ sink+ R)   (Equation 4-2) 
Inputs + Immobilised Sediment + Change in Storage = Outputs  
Where: 
Q source represents the input to the system, e.g. sediment input from rivers.  
Q sink represents the output from the controlled volume e.g. marine output. 
∆V is the net change in storage within the cell (i.e. the total change in the volume of 
sediment stored within the estuary) 
P  represents  inputs  of  sediment  to  the  cell  from  human  activity,  e.g.  beach 
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R represents the amounts of material removed from the cell by human activity, e.g. 
dredging.  
I represents the volume of sediment immobilised during the epoch (e.g. the volume of 
sediment in 1783 which is land in 1894); 
As stated in Chapter 2, if ∆V is positive this represents a net increase in the total 
mass of sediment held by stores effectively representing a system experiencing net 
accretion (a positive sediment budget). A negative ∆V represents a system in which 
there  has  been  a  decrease  in  the  sediment  held  in  stores  and  the  system  is 
experiencing  net  erosion  (a  negative  sediment  budget).  Where  a  system  is  in  an 
equilibrium state outputs are equal to inputs and there should be no net change in 
sediment stores (Cooper & Pethick, 2005).  
Approach to quantifying the budget 
Townend  and  Whitehead  (2003)  suggest  that  there  are  two  ways  to  construct  a 
sediment budget:  
1)  By defining volume changes bounded by surfaces such as mudflats or cliffs or  
2)  By defining mass changes to and from the water column.  
The volume approach is best taken where the amount of sediment held in the water 
column is low and the material is largely non- cohesive. Whereas if the sediment is 
cohesive or mixed, with large amounts of suspended sediment in the water column 
and  high  variability  between  sediment  types,  the  mass  approach  is  recommended 
(Townend & Whitehead, 2003). Typically data is available as a mixture of volumes and 
masses and need to be converted to a common unit. As there is limited data on the 
sediments held in suspension, sediment bulk density and sediment particle density 
for Southampton Water, this restricts the ability of sediment exchange to be recorded 
in  terms  of  mass.  The  majority  of  data  on  sediment  movement  within,  and  to, 
Southampton  Water  could  be  easily  quantified  in  terms  of  volume.  For  example 
bathymetric records of channel were available between 1783 and 2008 enabling the 
volume of the channel to be quantified. The calculation of the historic change in the 
sediment budget was therefore restricted to a volume based analysis. The additional 
advantage of calculating the volume change of elements within the sediment budget 
was that: 
1)  Through  calculating  the  changes  in  the  sediment  stores  a  further 
investigation  in  to  the changes in the morphology of the estuary could be 
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2)  Calculations for the change in volumes required the height and area change 
to be quantified; these could also be used for calculations into the change in 
equilibrium state.  
 
The historic  change  in  the sediment  budget  for  Southampton  Water was analysed 
from data between 1783 and 2008.  The baseline year was taken as 1783 as this was 
the date of the first available bathymetric chart of the estuary. This date was prior to 
the  first  recorded  dredge  or  reclamation  activity  related  to  port  development. 
Analysis was limited to the years in which data were available. Ordnance Survey maps 
and aerial photography for Southampton Water were available for 1889, 1911, 1931, 
1946, 1963, 1976, 1996, 2001 and 2008. Digitised bathymetric charts were available 
for 1783, 1911, 1926, 1951, 1965, 1976, 1996 from ABPmer, hydrographic charts 
were supplied for 1894 and 1946 and bathymetric data from hydrographic surveys 
provided  by  ABP  for  2001  and  2008.  In  addition  to  maps  and  charts  a  review  of 
literature was used to quantify the elements in the sediment budget. Figure 4.1 and 
Table 4.1 summarises the elements of the sediment budget and how these were used 
in calculations. Without detailed information about the input or output of sediment 
from marine sources this was taken as the volume of sediment required to balance 
the sediment budget. 
The seaward limit for Southampton Water was defined as Calshot Spit on the west 
shore and just below Hook Spit on the eastern shore to the tidal limits of the Test, 
Itchen and Hamble Estuaries. This represents the sediment sub cell 5C (New Forest 
District Council, 2010a). The seaward limit coincides with the limit of data collection 
on the majority of hydrographic surveys for Southampton Water. The tidal limit of the 
channel was taken to be lowest astronomical tide (LAT) and the lowest limit being the 
greatest depth of the channel during the study period to make changes comparable; 
this was -20.47m ODN.   
Sediment Budget Error Analysis 
As outlined in Chapter 2.5.2 each element within the budget has an error associated 
with it due to operational error and the restricted accuracy of equipment (Kraus & 
Rosati,  1999,  Cooper  et  al.,  2002).  Accounting  for  uncertainties  in  the  various 
components that comprise the sediment budget yields an indicator of the reliability 
of the budget, as well as the bounds for judging the range of values which define the 
least  certain  quantities  (Kraus  &  Rosati,  1999).  The  best  estimate  for  a  sediment 
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(or  root  mean  square  (rms))  as  the  rms  treats  the  relative  uncertainties  of  the 
sediment budget as independent and random (Rosati, 2005).  
Root Mean Square = [(Error of x)
 2 + (Error of y)
 2 + (Error of z)
 2]0.5 (Equation 2-4) 
The  techniques  in  gathering  data,  such  as  capturing  aerial  photography  of  the 
estuary, were investigated in order to quantify the error in specific measurements 
and how these errors combined within the sediment budget to give the confidence 
levels for which the final values should be used. 
 
Figure 4.1 Summary of data sources and their use in quantifying the sediment 
budget. 
 
The remainder of this chapter will detail the methods used to quantify each of the 
elements of the sediment budget and their error in turn as detailed below.  
1)  Change in sediment inputs- cliff erosion inputs (Chapter 4.3.1), river inputs 
(Chapter 4.3.2) 
2)  Change in sediment outputs- dredging (Chapter 4.3.3) 
3)  Change  in  marine inputs/outputs-  balancing  the sediment  budget  (Chapter 
4.3.4) 
4)  Change in sediment stores- channel, salt marsh, mudflats (Chapter 4.4) 
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Budget  
Component 
Chapter   Data Source  Data Description  Years  Use in analysis  Data Confidence 
Q Source  
River Input   4.3.2  Environment Agency   Flow rate and sediment 
concentration for River input for 
Test, Itchen and Hamble 
1980s-2007 
(depending on river) 
Calculate sediment input 
from rivers 
Low- however fluvial input to the sediment budget is 
small. 
Marine Input  4.3.4  Net marine effect i.e. all 
data sources used 
Taken as the volume of material 
to balance the sediment budget 
   Calculate marine input  Low- as based on balance of sediment budget 
however provides best estimate given lack of recorded 
data for marine input/output. 
Cliff and 
Beach 
Erosion 
4.3.1  Townend, 2007  Townend (2007) estimated the 
cliff length to be 7 km with an 
average height of 2 m high 
   Estimate cliff  height and 
length 
Low- data is from literature review without a record of 
the change over time however cliff input to the 
sediment budget is minimal so any figure are less 
significant  than some of the other components.    
Digimap Historic 
(1:10,000) 
Historic maps georectified 
showing high and low water 
1889, 1946, 1965, 
2001, 2008 
Calculate rate of cliff retreat  Medium- historic maps have a standard method of 
data collection and the error is able to be calculated 
also cliff input to the sediment budget is minimal so 
any figure are less significant  than some of the other 
components.    
Q Sink and R Removal 
Marine 
Output 
4.3.4  Net marine effect i.e. all 
data sources used 
Taken as the volume of material 
to balance the sediment budget 
   Calculate marine output  Low- as based on balance of sediment budget 
however provides best estimate given lack of recorded 
data for marine input/output. 
Dredging  4.3.3  ABP Research & 
Consultancy Ltd (1995) 
Maintenance dredge volumes  1926-1993  Calculate dredging output  Medium- Information based on long term records from 
port. 
Horter (2003)  Maintenance dredge volumes  1994-2002  Calculate dredging output  High- Records provided by dredge companies directly 
to Cefas. 
CEFAS  Southampton maintenance 
dredge licence volumes 
2002-2008  Calculate dredging output  High- Records provided by dredge companies directly 
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Budget 
Component 
Chapter   Data Source  Data Description  Years  Use in analysis  Data Confidence 
∆V Change in Storage   
Salt Marsh 
Change and 
Mudflat 
Change 
4.4.2  ABP Hydrographic Chart  Historic chart georectified 
showing high and low water 
1783  Calculate area change of 
salt marsh and mudflats 
Medium- historic maps have a standard method of 
data collection and the error is able to be calculated. 
Digimap Historic 
(1:10,000) 
Historic maps georectified 
showing high and low water 
1889, 1946, 1965, 
2001, 2008 
Calculate area change of 
salt marsh and mudflats 
Medium- historic maps have a standard method of 
data collection and the error is able to be calculated. 
ABPmer  Co-ordinate points of salt marsh 
outlines taken from aerial 
photography 
1946, 1963, 1976, 
1996 
Calculate area change of 
salt marsh and mudflats 
Medium- data based on historic maps which have a 
standard method of data collection and the error is 
able to be calculated. 
Hampshire County 
Council 
Aerial photographs georectified 
showing salt marsh extent 
1976, 1997  Calculate area change of 
salt marsh and mudflats 
High- data based on aerial photography which has a 
standard method of data collection more accurate than 
historic maps and the error is able to be calculated. 
Environment Agency  Aerial photographs georectified 
showing salt marsh extent 
2001, 2008  Calculate area change of 
salt marsh and mudflats 
High- data based on aerial photography which has a 
standard method of data collection more accurate than 
historic maps and the error is able to be calculated. 
(Haigh, 2009) derived 
from ABP data 
Tide Gauge Data  1935-2006  Estimate height change of 
salt marsh and mudflats 
Medium- long term data set which has a standard 
method of data collection and the error is able to be 
calculated. 
Channel Coastal 
Observatory, survey  
flown by Environment 
Agency 
LiDAR survey of intertidal  2001 and 2008  Calculate height change of 
salt marsh and mudflats 
High- data based on aerial photography which has a 
standard method of data collection more accurate than 
historic maps and the error is able to be calculated. 
Channel 
Change 
4.4.1  ABPmer  Digitised bathymetric charts   1783, 1911, 1926, 
1951, 1965, 1976, 
1996  
Calculate volume change of 
channels 
Medium- data set which has a standard method of 
data collection and the error is able to be calculated. 
ABP  Hydrographic charts   1894 and 1946   Calculate volume change of 
channels 
Low- data set which has a standard method of data 
collection and the error is able to be calculated though 
coverage of estuary limited. 
ABP  Hydrographic Survey  2001 and 2008  Calculate volume change of 
channels 
High- based on detailed survey method for whole 
estuary. 
I Immobilisation 
Land Claim  4.4.3  Digimap Historic 
(1:10,000) 
Historic maps georectified 
showing high and low water 
1889, 1946, 1965, 
2001, 2008 
Calculate area claimed for  
land  
Medium- based on data set which has a standard 
method of data collection and the error is able to be 
calculated. 
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4.3.1  Change in Sediment Input: Cliff Erosion 
To  provide  an  indicative  quantification  of  the  supply  from  this  source  Townend  (2007) 
estimated  the cliff  length  to  be 7  km  with  an  average height  of  2m  high.  Without any 
historic data from literature on the changes in cliff height the cliff was assumed to have 
remained the same throughout the study period. Historic maps were used to digitise the 
base of  the cliff  in  each  year.  The average distance along  the length  of the cliff bases 
between years was calculated using the „Near‟ tool in Arc Info 9.2. The average cliff retreat 
distance was  divided by the number of years between maps and multiplied by the cliff 
length and height to quantify the cliff input.  
Cliff Erosion Error Analysis 
An error of 0.10m/yr was highlighted in the shoreline erosion rates between the Itchen and 
Hamble Rivers 1996-2005 summary of findings and was used to indicate the error from 
cliff erosion (ABP Marine Environmental Research Ltd, 2006). 
The error in the position of the cliff base was taken as the same as the error in HAT mark 
on  historic  maps.  This  is  discussed  later  in  Chapter  4.4.2.  Platform  erosion  was  not 
differentiated from the change in the mudflat volume in front of the cliff due to difficulties 
in differentiating between the two from available data. 
Data Limitations 
The data available for the variation in cliff height over the study period was limited; this 
restricted the accuracy of the cliff erosion input. ABP Research and Consultancy (2000) and 
Townend (2007) found that input of sediment from cliff erosion to the estuary sediment 
budget was small therefore this should have minimal impact on calculations. 
4.3.2  Change in Sediment Input: River Input 
The  Centre  for  Ecology  and  Hydrology  and  British  Geological  Society  hold  the  National 
River  Flow  Archive  which  interprets  long  term  river  flow  data  published  as  the  UK 
Hydrometric Register (Natural Environment Research Council, 2008). The sediment input 
from  literature  review  was  consistent  with  the  river  data  statistics  from  the  Centre  for 
Ecology and Hydrology (the data used for this register originates from the Environment 
Agency). River data from the Environment Agency was also obtained, however there were 
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the rivers. It was therefore assumed that the sediment input from the each river per year 
was the average discharge rate multiplied by the average sediment concentration.   
 
It  was  assumed  that  the  sediment  density  per  cubic  metre  (m
3)  was  1,300kg/  m
3  (or 
1,300,000g/m
3), as used by Horter (2003b) in converting dredge quantities to volume, the 
input of sediment from rivers was taken to be derived from Equations 4-3, 4-4 and 4-5. 
Average discharge per year = Average discharge m
3s
-1 x 31,556,926 seconds (the 
number of seconds in a year) (Equation 4-3 Average discharge per year) 
Average sediment concentration g/m
3 x Average discharge per year m
3yr
-1 = Sediment 
input per year (g) (Equation 4-4 Sediment Input per year) 
Sediment  input  per  year  (g)  /  1,300,000=  Volume  sediment  input  m
3  per  annum 
(Equation 4-5 Volume of sediment input per annum)  
 
River Input Error Analysis 
To  provide  the  error  in  this  estimation  the  maximum  and  minimum  sediment 
concentrations and flow rates were used to calculate the maximum and minimum potential 
volumes of suspended sediments from rivers.   
 
Data Limitations 
The Environment Agency data provided the best available long term data set on river input. 
Suspended sediment concentrations were monitored monthly and data on flow rate were 
collected daily however there were some gaps and inconsistencies. Most sediment moves 
in extreme events from rivers. As the data on sediment concentration was collected by 
month this would have measured seasonal variation to a degree however daily extreme 
events  would  not  have  been  monitored.    ABP  Research  and  Consultancy  (2000)    and 
Townend  (2007)  found  that  input  of  sediment  from  rivers  to  the sediment  budget  was 
small therefore this should have minimal impact on the overall sediment budget for the 
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4.3.3  Change in Sediment Output: Dredging 
The  sediment  removed  from  Southampton  Water  by  both  maintenance  and  capital 
dredging  was  quantified  through  a  review  of  literature.  Additionally  dredge  data  was 
brought up to date using the following sources: 
River Itchen, River Test and Southampton Water Main Channel 
Dredge information was collated by Horter (2003a) for 1994 to 2002, this information was 
supplemented by data sourced from the Centre for Environment, Fisheries and Aquaculture 
Science (CEFAS) for the period of 2002 to 2006. To convert the reported dredge amounts 
from wet tonnes to m
3 volumes a factor of 1.3 was used. This factor is most commonly 
used by DEFRA to convert volumes to tonnes for licensing purposes as most dredging in 
these  areas  is  carried  out  by  backhoe  dredger  with  an  average  density  of  1300kg/m
3 
(Horter, 2003a).  
River Hamble 
Dredge information was collated by ABPMer in support of the River Hamble Maintenance 
Dredge  Plan.  Data  was  sourced  from  the  Department  for  Environment,  Food  and  Rural 
Affairs (DEFRA) Disposal at Sea Database (DAS) together with information by Horter (2003a) 
for the period of 1986 to 2002; further information was provided by the various marina 
operators on the River Hamble.  
Dredging Error Analysis 
The method of dredging in estuaries has changed significantly since the 1800s. 1798 was 
believed  to  be  the  first  recorded  use  for  steam  power  for  dredging  in  the  Port  of 
Sunderland.  The steam powered bucket ladder dredgers were found at work in virtually 
every harbour in the country by the middle of the nineteenth century and are believed to 
have been used in Southampton for the early dredges. Later the dredger was improved by 
the  addition  of  powerful  steam  driven  pumps  creating  a  suction  dredger.  UK  dredging 
remained largely unchanged until the 1950s and 1960s when the first self-propelled grab 
hopper dredger was used and then the trailer suction hopper dredger. The trailer hopper 
dredger is far more manoeuvrable and is able to operate in exposed conditions (Csiti & 
Burt, 1999).  
The  current  main  dredge  operator  is  ABP  who  commission  large  scale  dredging  using 
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that the calibration of instruments and the in-place sediment density and water density 
contribute significantly to the uncertainty of reported production values for hoppers. The 
uncertainty in hopper production calculations can range from as low as 10% for calibrated 
instruments  and  known  sediment  and  water  properties  to  almost  50%  for  worst  case 
scenarios  of  uncalibrated  instruments  and  unknown  material  properties.  Therefore, 
without historic records relating to the accuracy of reported dredge volumes, the error is 
assumed  to  be  +/-50%  though  it  is  assumed  to  have  improved  over  time  with 
advancements in technology. 
Data Limitations 
Data available on dredge volumes by year was only available from 1986 for the Hamble and 
from  1994  for  the  rest  of  the  estuary.  Information  on  the  average  volume  of  dredges 
carried out by ABP since 1926 were reported by ABP Research and Consultancy (1995b). 
This  limited  the  accuracy  of  the  volume  of  sediment  removed  by  dredging  from  the 
estuary. In order to take in to account the removal of sediment from other parties during 
the  study  period  the  construction  time  of  other  facilities  requiring  dredging  and  their 
known  dredge  requirement  was  taken  in  to  account.  Combined  with  the  large  error 
margins considered data limitations were considered to be addressed as much as possible.   
4.3.4  Change in Sediment Input/Output: Marine 
Measuring the exchange of sediment from marine sources to estuaries is a difficult process 
(Kjerfve et al., 1981) so without detailed data on the import of sediment from the Solent 
this value is estimated to be the volume of sediment needed to balance the various sources 
and sinks and assumes that the sediment budget is in balance. Previous studies have also 
determined the marine exchange to be that required to balance the sediment budget once 
all other sediment inputs, outputs and sinks have been evaluated (Hossain & Eyre, 2002, 
Townend & Whitehead, 2003) showing this is a valid technique.  
Net Marine Input/ Output Error Analysis 
The error estimate for the net marine input/ output is the square root of the sum of the 
square of each element‟s error squared (or root mean square) (Rosati, 2005) (Equation 2-4). 
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The data available for the marine sediment input and output from the sediment budget is 
the largest limitation in the calculations made. Direct information was not available on this 
volume  therefore it  was  taken  as  the summation  of  all  the other measured  inputs  and 
outputs. This is the reason for the importance of the calculation of error for each of the 
elements in the budget which provides some degree of confidence this remaining figure. 
Suggestions for the future direct monitoring of marine input and output are addressed in 
Chapter 6.3.   
4.3.5  Change in sediment input/output: Managed Realignment 
There  is  one  area  of  managed  realignment  on  the  Hamble  Estuary  known  as  Bunny 
Meadows.  Bunny  Meadows  on  the  River  Hamble  was  originally  an  area  of  embanked 
grazing marsh, sometime during the 1940s the bank was breached and the entire area 
remained open to tidal inundation via several large breaches until the early 1980s when 
the bank was rebuilt and four small culverts were installed (Gray et al., 1993).  Managed 
realignment increases the area over which sediment can be stored. When comparing the 
estuary before and after a managed realignment the retreated area has to be treated as 
either an input or output of sediment which did not exist before (depending on whether it 
is eroding or accreting). Prior to managed retreat sediment stored on the site is immobile 
and not part of the estuary system. After retreat sediment which accretes on to the site 
effectively is a sediment output and sediment eroding from the site a sediment input. If on 
the other hand the managed retreat site was always present during the entire study period 
(so prior to 1783) erosion and accretion from the site would be treated as a change in 
storage. 
Error Analysis 
The managed realignment volume was calculated from historic maps and photographs; the 
error was therefore calculated used the same method as that used for mudflats and salt 
marsh volumes discussed later in this chapter. 
Data Limitations 
The volume of sediment from managed realignment contributing to the sediment budget is 
small  due  to  this  occurring  only  on  a  small  site  on  the  Hamble  Estuary.  Volumes  of 
sediment  derived  from  this  site  were  calculated  using  historic  maps  and  aerial 
photographs and tidal data to derive salt marsh and mudflat heights. The limitations of 
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4.4  Change  in  Sediment  Storage/  Changes  in  Estuary 
Morphology 
Changes  in  the morphology of the estuary are reflected in the change in the sediment 
budget  stores,  these  being  the  channel,  mudflats  and  salt  marshes.  In  Chapter  5  the 
change in the morphology of the estuary in relation to various pressures will be outlined. 
The  method  used  to  quantify  the  change  in  the  volume  of  sediment  in  each  of  the 
sediment stores is outlined below. 
4.4.1  Change in Sediment Storage/ Morphology: The Channel 
Southampton Water has a natural deep and wide channel (River and Coastal Environments 
Research (RACER) 2004). As detailed in Chapter 3.2.1, between 1935 and 2005 the trend 
from the Southampton tide gauge data the trend of mean sea level was a rise by 1.30 +/- 
0.18 mm/yr (Haigh et al., 2010). In Chapter 2.2.1 it was highlighted that with rising sea 
levels, as the depth of water increases at the shore, there is a resulting enhanced wave and 
tidal energy along the coast. The response of coastal landforms to rising sea levels is to 
migrate, both normal to and parallel with the shore in order to maintain their position 
within the energy gradient if sediment availability and space allow. Therefore under natural 
conditions the channel would be expected to expand at its tidal limit and widen. However 
as  outlined  in  Chapter 3.2.2  the estuary  has  been  altered through  human  modification 
largely through port development and the development of industry. To adapt the estuary 
for port and industrial needs there have been extensive dredging and land claims resulting 
in a narrowing and deepening of the channel. The change in the volume of the channel was 
quantified as follows.  
Bathymetric  surveys  of  Southampton  Water  have  been  carried  out  by  the  Port  of 
Southampton  since  1783.  Digitised  bathymetric  charts  were  available  for  1783,  1911, 
1926, 1951, 1965, 1976, and 1996 from ABPmer. Hydrographic charts were supplied for 
1894 and 1946 and bathymetric data from hydrographic surveys for 2001 and 2008. As 
the bathymetric surveys were to aid navigation the areas surveyed and the areas with the 
most detailed data reflected those which were of significance for port use. The change in 
the sediment stored in the channel was calculated using digitised hydrographic charts and 
surveys. The data were stored, manipulated and analysed using Arc Info 9.2. Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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The  hydrographic  charts  were  first  georeferenced  using  fixed  landmarks  for  which  the 
British National Grid (BNG) reference coordinates were known. A minimum of 10 control 
points were entered for each chart, keeping the root mean square (rms) error as low as 
possible (ESRI Press, 2004).  
Following georeferencing, spot heights, spot depths, bathymetric contours were digitised 
from  the  hydrographic  charts  and  surveys.  Height  and  depth  values  for  pre  1970 
hydrographic charts were converted from fathoms to metres (1 fathom = 1.8288m). Prior to 
1921  the  standard  datum  was  derived  from  measurements  taken  at  Liverpool  between 
1840 and 1860. Chart datum for Southampton Water is -2.74m. All height and depth data 
were reduced to Ordnance Datum Newlyn (ODN) using the datum published on the chart.  
A  straightforward  method  to  quantify  the  volume  changes  between  map  years  is  the 
difference map method (DMM). The DMM consists of subtracting the surface of one year 
from the surface of another year thereby creating an elevational difference map between 
consecutive surveys. Several methods of surface gridding can be used to create a digital 
terrain model from digital bathymetric charts (Pacheco et al., 2008). 
The best surface gridding method to obtain digital bathymetric charts is determined by 
applying different grid-fitting methods (Kriging, Triangular and Radial) and computing the 
difference between the elevation of a verification point and the elevation of the surface 
model at the same location (cross validation and residuals analysis) (Hicks & Hume, 1997). 
The residuals such as the range, the mean and standard error between the verification 
point and elevation of the surface model should be analysed in order to define the best 
exact interpolator to represent the raw data and to understand the error associated with 
the gridding technique used (Pacheco et al., 2008).  
The different methods of interpolation can be considered as deterministic or geostatistical. 
Deterministic  methods  create  rasters  based  entirely  on  the  known  values  of  the  data. 
Inverse  Distance  Weighting  (IDW)  and  splining  are  both  deterministic  methods. 
Geostatistical methods include a measure of the uncertainty in predicting unknown values. 
Kriging  is  a  geostatistical  method.  The advantage of  geostatistical  methods  is  that  the 
analyst  can  also  derive  a  raster  showing  the  certainty  of  predicted  values.  Table  4.2 
highlights the different methods of interpolating data, their assumptions and the potential 
disadvantage of their use.  
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Interpolation 
Method 
Assumptions  Disadvantages  Source 
Inverse Distance 
Weighting 
The value of any unknown point 
is directional proportional to the 
distance from known sample 
points 
Will not predict values outside bounds of the 
known sample points i.e. the minima and 
maxima predicted will be the min and max of 
known sample points 
(Richtman, 2006) 
Spline 
Interpolation  
Uses sample points to 
determine a mathematical 
equation that fits the surface 
through all known sample 
points with a minimum of 
curvature. Recommended for 
smooth continuous surfaces 
e.g. precipitation  
Have tendency for there to be overshoots in 
data poor areas, where interpolation predicts 
values that are unreasonably beyond the 
limits of the data 
(Richtman, 2006) 
Kriging  Assumes that the spatial 
variation is neither random nor 
totally deterministic between 
points. Kriging begins with the 
spatially correlated portion of a 
surface, combines it with any 
trend in the data and then adds 
a random error term 
Should be avoided for datasets exhibiting 
random behaviour as it will try and fit trends 
which don‟t exist. An advantage is that a 
raster containing the certainty of predicted 
values can be generated. 
(Richtman, 2006) 
Triangulated 
Irregular Network 
(TIN) 
Uses nearest three sample 
points to create a triangulated 
surface. 
Each prediction is only based on three data; 
it makes no use of data further away. The 
resulting surface has abrupt changes in 
gradient at the margins. Advantage is that it 
is simple and does not require much time to 
construct. 
(Sunila & Kollo, 
2010) 
Topo to Raster  Imposes constraints that ensure 
a hydrographically correct 
digital elevation model. 
Can use contours and points as input values  (Childs, 2004) 
Table 4.2 Methods of data interpolation  
The  point  and  contour  data  were  interpolated  using  ArcInfo‟s  “Topo  to  Raster” 
interpolation method to create a digital elevation model for the channel. This method is 
designed for the creation of hydrographically correct digital elevation models and is the 
only  interpolation  technique  available  that  can  accept  both  elevation  and  contours  as 
input, for this reason it was deemed the most appropriate for this dataset. The “Topo to 
Raster”  interpolation  method  is  based  on  the  ANUDEM  algorithm  and  uses  an  iterative 
finite difference, discretised thin plate spline technique (Hutchinson, 1989).  
A raster is a gridded surface, with angular edges however the marsh, mudflat and channel 
edges are curved so if the raster is clipped to any of these surfaces to calculate their area 
and  volume,  large  errors  are  created.  A  raster  is  produced  by  all  the  methods  of 
interpolation indicated in Table 4.2 apart from the TIN. To overcome this, therefore, the 
interpolated raster surface was converted to a point file and then this layer was converted 
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By interpolating the data to a raster first this overcame the disadvantage of creating a TIN 
directly from the raw data which would only use three points to create predictions. The 
area and volume of the channel was calculated using the Area/ Volume tool in ArcInfo 9.2. 
The volume of the channel (between LAT and -20.47m ODN) for each year was calculated. 
The difference in the channel volume was taken as the change in the volume of sediment 
stored in the channel between study years. A decrease in volume meant that the channel 
had eroded and sediment had been removed from the store and an increase in sediment 
meant  that  the  channel  had  accreted  and  the  volume  of  sediment  in  the  store  had 
increased. 
Error Analysis for Channel Volumes 
Lieutenant  Murdoch  McKenzie  R.N.  made  the  first  reasonably  accurate  survey  of 
Southampton,  both  as  to  adjacent  shore  features  and  the  positions  and  values  of  the 
soundings and contours. They are given on his plan dated 1783. Since that date Admiralty 
charts presenting surveys of increasing detail of the Southampton area have appeared with 
increasing frequency. However, the seaward limit of detailed soundings in estuarine areas 
and  their  approaches  did  not  extend  much  beyond  the  5  fathom  (9m)  contour  as 
soundings  in  deeper  waters  were  not  necessary  because  of  the  light  draught  of  ships, 
which did not exceed 20 feet (6m) for a long time. The need for detailed surveys beyond 
the  10  fathom  (18m)  contour  was  driven  by  the  increasing  draught  of  ships.  After the 
Second World War the need for detailed surveys in estuaries with ports for large vessels 
was  extended  beyond  the  20m  depth  contour.  This  requirement  was  met  by  newer 
techniques  of  echo-sounding  and  electronic  devices  for  the  accurate  location  of  ships 
engaged in survey (MacMillan, 1964).  
Surveying techniques have changed over the period of interest. The earliest charts would 
have used sounding poles or lead lining to measure depth relative to still water level and 
triangulation to determine the position. Also the laborious method of sounding by lead 
and line made progress both difficult and slow (Van Der Wal & Pye, 2003). Lead lining could 
result in errors caused by the lead lining not  being taut (overestimates) or not actually 
resting on the sea bed (underestimates) (MacMillan, 1964). For later surveys echo sounders 
and  electronic  devices  were  used,  which  improved  accuracy;  these  techniques  were 
developed under the stimulus of World War 2 (1939-45). Most recent surveys have been 
carried  out  with  high  resolution  multibeam  swathe  bathymetry  systems,  with  greatly 
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advances in hydrographic surveying, although these dates are approximate due to the time 
required to phase new technologies. 
Date  Sounding Method  Fixing Method 
1865  Lead Line  Angles to Local Land Marks 
1935  Single Beam Echo Sounder  Angles to Local Land Marks 
1950  Single Beam Echo Sounder  Electronic Position Fixing 
1973  Single Beam Echo Sounder and 
Side Scan Sonar 
Electronic Position Fixing 
1985  Single Beam Echo Sounder and 
Side Scan Sonar 
Satellite Position Fixing 
2000  Swathe Echo Sounder  Satellite Position Fixing 
Table 4.3 Most technologically advanced method for surveying for hydrographic surveys by 
year (United Kingdom Hydrographic Office, 2009) 
The sampling density of surveys using lead lining and echo sounders were less dense than 
with modern techniques, with typical line spacing of 50m to 100m for an echo sounder 
resulting in small irregularities in the sea bed being missed. Repeat surveys rarely used the 
same point or line as earlier surveys. The sampling density in the in tertidal areas was 
generally lower as these areas are not important to navigation (Van Der Wal & Pye, 2003) 
Accuracy increased with the use of echo sounders however the first echo sounders was sub 
sonic and at this frequency penetrated some distance in to the soft mud before being 
reflected.  These  were  replaced  by  sounders  using  ultrasonic  frequencies  that  had  the 
disadvantage of reflecting the echo from the top of the fluvial mud, which could have been 
sufficiently liquid to be considered part of the water rather than part of the bed (Wilkinson 
et  al.,  1973).  Modern  multi-frequency  equipment  is  now  capable  of  overcoming  this 
problem (ABP Marine Environmental Research Ltd, 2008a). Both with lead line and echo 
soundings there can be small irregularities in the bed which could be missed or obliterated 
depending  on  the  position  and  density  of  the  soundings  and  the  transects  of  the 
soundings (Van Der Wal & Pye, 2003).  
The error introduced into a survey volume through coarse data resolution was estimated 
by taking a data rich dataset and calculating the volume, then removing data points to 
represent  the  data  sparse  dataset  and  recalculating  the  volume  as  recommended  by 
ABPmer‟s analysis and modelling guide for estuaries (ABP Marine Environmental Research 
Ltd, 2008a). 
The  International  Hydrographic  Standards  (2003)  covering  the  period  of  1968  to  1998 
state that random errors in depth measurement for hydrographic charts should not exceed 
30cm,  with  a  90%  probability.  Following  the  old  standards  for  horizontal  accuracy, 
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the true position lies within 1.5 mm, at the scale of the survey (Van Der Wal & Pye, 2003). 
Therefore for the 1894 chart, where 1 yard was equal to 14,000 yards on the map and 1 
metre is equal to 1.093yards, the 0.0015m error on the chart is equal to an error of 20m 
on the ground.      
Post 1998 the standards were reviewed and tightened to reflect the increasing accuracy of 
surveying  techniques  (Mills,  1998).  Morang  (1997)  stated  that  the  maximum  vertical 
accuracy for coastal surveys using echo sounders is 15cm, it is assumed that this level of 
accuracy was adhered to for post-1998 surveys.  When investigating historical changes in 
the Ribble estuary, van der Wal and Pye (2003) used 0.5m as significant elevational change. 
Based on these criteria Friend et al. (2006) and Rossington (2008) recommended that the 
expected error range for the heights for pre 1968 charts could be calculated by adding or 
subtracting  0.5m  to  the  digitised  values  and  recalculating  the  areas  and  volumes,  and 
0.30m from the IHO standards to post 1968 charts. By using this technique the error range 
is more likely to be overestimated than underestimated so that a reasonable confidence 
can be given that the true volumes and errors lie within the error range. 
The accuracy of position fixing at the time a depth sample is taken is another source of 
potential  error  that  requires  accounting  for.  The  accuracy  of  positional  data  has  also 
changed  over  time,  with  early  lead  line  surveys  positioned  using  triangulation,  later 
replaced by transponders that could fix positions to an accuracy of within +/- 3m. Modern 
GPS utilises a number of satellites to provide fixes within an accuracy of +/- 0.5-1m. The 
accuracy of the sonar DGPS used to survey Southampton Water by ABP was vertically +/- 
0.1m from the true depth while horizontally the position accuracy is in the order of +/- 5m 
for data between 1991-2007 (pers. comm. Heaps, 2005-2007). 
Published  charts  are  not  the  ideal  data  source  because  the  data  has  already  been 
interpreted and filtered. In general, the survey data is used to give the best impression of 
the area possible. Depth values are always rounded down to the nearest foot (0.3048m) for 
older charts and to the nearest 0.1m for post-1970s charts. An additional problem is that 
the publication date of the chart is not the date of the survey. Early charts were often 
based  on  single  surveys  from  a  single  year  however  modern  charts  are  likely  to  be 
compiled  from  a  number  of  surveys  with  only  areas  that  are  expected  to  have  large 
changes being resurveyed (Van Der Wal & Pye, 2003).  
To quantify the error associated with using published charts rather than original surveys 
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Chichester  Harbour and Langstone Harbour. Fair chart data is the actual original survey 
data and shows spot heights. It was assumed that fair chart data was of greater accuracy 
than  that  shown  on  published  charts  (Kyriakidis  et  al.,  1999,  Rossington  2008).  The 
maximum error between the charts was 10% of the fair chart value, but the majority of the 
volumes and areas from the Admiralty charts were within 5% of the fair chart value (2008).  
Small  errors  in  the  position  of  features  may  also  occur  in  the  digitising  process.  Error 
associated with digitisation and interpolation was estimated by digitising a section of the 
1996 chart for Southampton Water multiple times and calculating the volumes and errors 
for each digitisation. The volumes and area were then compared with the sample mean and 
the percentage difference of each sample from the mean was calculated. The maximum 
error arising from variations in digitisation and interpolation was 2.0%. The relatively low 
data  density  over the intertidal  areas  causes  small  differences  in  digitisation  to have a 
greater effect than in areas with a higher data density. Table 4.4 summarises the estimated 
error arising from quantifiable sources. 
Source  Pre 1968  Post 1968  Raw Survey Data 1991 
to 2008 
Survey vertical  +/- 0.5m  +/-0.3m  +/- 0.1m 
Horizontal extent of the 
channel 
Dependant on the area depicted on OS maps for LAT (see chapter 4.3 on salt 
marsh and mudflat extents error) 
Chart Compilation  +/- 5 to 10%  +/- 5 to 10%  Not applicable as raw 
data 
Interpolation  +/- 2%  +/-2%  +/- 2% 
Total Error  +/-0.5m x horizontal 
extent error plus 12% 
volume 
+/-0.3m x horizontal 
extent error plus 12% 
volume 
+/-0.1m x horizontal 
extent error plus 2% 
volume 
Root Mean Square 
Error 
(+/-0.5m x horizontal 
extent error plus 12% 
volume) rms 
(+/-0.3m x horizontal 
extent error plus 12% 
volume) rms 
(+/-0.1m x horizontal 
extent error plus 2% 
volume) rms 
Table 4.4 Estimated volume error arising from quantifiable sources, rms means root mean 
square of the bracket‟s contents 
The total error from quantifiable sources represents the worst case scenario assuming that 
all errors are in the same direction and represents the maximum uncertainty. Errors arising 
from chart compilation could be assumed to be systematic because measured depths are 
always rounded down so that the shallowest depth is reported. Through comparing the 
values recorded on fair chart values with Admiralty chart data Rossington  (2007) found 
however that there was no evidence found for systematic errors, with volumes and areas 
derived from published charts both underestimating and over estimating fair chart values. Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
 
  - 134 - 
Therefore,  in  reality  it  is  unlikely  that  random  errors  from  surveying,  digitising  and 
interpolation will all be in the same direction so the likely error is a lot smaller. The best 
estimate for the error, taking in to account the possible directions of error, is the square 
root  of  the  sum  of  the  square  of  each  element‟s  error  squared  (or  root  mean  square) 
(Crowell et al., 1991, Rosati, 2005). The root mean square errors from all sources were 
estimated  and  these  values  are  used  for  error  bars  on  graphs  showing  the  change  in 
channel  volumes  during  the  study  period  in  Chapter  5.  The  implication  of  these 
uncertainties is that observed changes may be too small to be confident that real changes 
in morphology have occurred. For this reason only changes outside the range to the error 
bars are viewed as true morphological changes.  
Data Limitations 
Channel volume changes were derived from historic charts and surveys. The date range of 
this data was complete for the study period. Although accuracy improved over time it was 
a  limiting  factor.  To  overcome  the  problems  with  accuracy  the  error  associated  with 
surveys  and  maps  was  calculated,  this  was  possible  due  to  the  well  documented  error 
surrounding such data.  
4.4.2  Change in Sediment Stores/Morphology: Salt Marsh and Mudflats 
As with the channel, the intertidal zone of Southampton Water should be responding to 
rising sea levels by migrating landward if sediment availability and space allow. However 
extensive  land  claims,  highlighted  in  Table  3.3,  associated  with  the  development  of 
industry  and  port  development  have  led  to  the  direct  immobilisation  of  sediment  from 
large  parts  of  the  estuary.  Additionally  sea  defences  to  protect  both  the  people  and 
property lining the estuary and along the coastline have immobilised potential sources of 
sediment to the estuary system to maintain the extent of salt marsh and mudflats. The 
intertidal zone has also been influenced by the die back of S. anglica, ship wash, trampling 
and pollution (Table 3.11 and Table 3.12). The volume change in the storage of sediment 
in the salt marsh and mudflats of Southampton Water were calculated as follows.   
The use of aerial photography in time series is a common method of identifying intertidal 
change  and  has  been  well  documented  (Civco  et  al.,  1986,  Hamsworth  &  Long,  1986, 
Christiansen & Bowman, 1990, Lucas et al., 2002). Aerial photography was collected for 
salt marsh analysis between 1946 and 2008. Historic maps were gathered to investigate 
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photographs were unavailable for this region and mudflat outlines are unclear in aerial 
photography. Aerial photographic prints and historic maps were collected from a number 
of sources as listed in Tables 4.5 and 4.6. 
Source  Years  Type of Data 
ABP  1783  Hydrographic Chart 
Digimap Historic (1:10,000)  1889, 1946, 1965, 2001, 2008  OS Map  
ABPmer  1946, 1963, 1976, 1996  Co-ordinate points of salt marsh 
outlines taken from aerial 
photography 
Hampshire County Council  1976, 1997  Aerial Photography 
Environment Agency  2001*, 2008
+  Aerial Photography 
Table 4.5 Sources of Data for Salt Marsh analysis. * Aerial photography 2001 copyright- 
Infoterra Ltd. 
+Aerial photography 2008 Environment Agency. 
Date  Copyright  Source  Scale  Tidal State 
21
st Sep  1946  RAF  NMR  9,800  Mid 
7
th Oct  9,840  Low 
4
th Nov  10,000  Low 
18
th Nov  10,000  Low 
15
th July  1976  HCC  HCC  10,000  Mid 
July 1999  2001  UK Perspectives  HCC  10,000  Mid 
Table 4.6 Sources of aerial photography River Hamble 
Aerial photography and paper maps were scanned at high resolution, 600 DPI and saved as 
TIFF files to prevent any loss of quality. Using ArcInfo 9.2 photographs and historic maps 
were  then  geo-rectified  to  the  Southampton  1:10,000  OS  Map  2003  (Ordnance  Survey, 
2003). Where possible a spread of control points across the scanned image was achieved 
and the root mean square error (the difference between the points position on the base 
map with that on the image being rectified) was kept to a minimum. The degree of error 
varied per year. Salt marsh and mudflat areas were then digitized for each year to provide a 
clear picture of the erosion of marsh and mudflats Southampton between 1783 and 2008. 
Using  the  statistical  tools  in  ArcInfo  it  was  then  possible  to  calculate  the  area  of  the 
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Estuary  and  the  Itchen  Estuary.  For  1889  the  OS  map  of  Southampton  Water  gave  an 
indication  of  the  salt  marsh  area  for  this  year  and  for  1783  the  Hydrographic  Charts 
provided the data for salt marsh and mudflat extent; however the intertidal boundaries 
were ill-defined on these images and so these can only be taken as quantitative indicators. 
From 1946 aerial photography was used to calculate the salt marsh area as the salt marsh 
edge  was  clear  from  aerial  photography  (Figure  4.2)  due  to  the  shading  of  the  marsh 
differing distinctly from the mudflat and landward boundary. The mudflat area was defined 
as extending from mean low water, as shown on OS maps of each year, to the edge of the 
salt  marsh  defined  by  aerial  photography  or  historic  maps.  The  black  and  white 
photographs  taken  for  1946  and  1976  and  the  higher  tides  for  the  1976  and  2001 
photography made the salt marsh edge more difficult to distinguish. Shadow was also a 
problem  in  several  areas  (e.g.  along  banks  with  trees)  which  meant  it  was  difficult  to 
interpret the inland extent of the salt marsh as a result the salt marsh may extend slightly 
further than mapped. Where there were uncertainties the mudflat and salt marsh outlines 
from  different  years  were  overlaid  to  ensure  that  there  were  consistencies  in  defining 
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Figure 4.2 Aerial photography of Eling Marsh, 1971. As can be seen the salt marsh area is 
darker than the surrounding mudflat enabling the outlining of the marsh area for analysis.   
Topographic  data  from  hydrographic  surveys  and  charts  were  available  for  the  Main 
Channel Reach however the gap between data points from the hydrographic charts was 
large  and varied between years. The mudflat heights from 2008 provided a  continuous 
surface to which height change could be applied to calculate the „best estimate‟ of height 
where there were no data points. The difference between the  heights of the mudflat in 
2008 to the height in the earlier map surveyed points was calculated.  
The method by which this was done for users of ArcInfo was as follows: 
1)  A  raster  layer  was  created  by  interpolating  hydrographic  survey  data  for  the 
mudflat in 2008 (this was a year in which the mudflat throughout the estuary was 
surveyed in detail). 
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2)   The survey  points  from  the earlier map,  e.g.  1965, were interpolated using the 
topo to raster tool 
3)   The  2008  raster  was  subtracted  from  the  „topo  to  raster‟  to  create  a  raster 
representing the difference in height between the two years 
4)  Using the „extract by mask tool‟ the height change just on the surveyed points was 
extracted and converted to a point shapefile; this point shapefile was interpolated 
to create a layer representing the best known difference between the years 
5)  Using  the „raster calculator‟  the difference raster was  subtracted  from  the 2008 
mudflat raster 
6)  The raster was converted to a point file and the points were used to create a TIN 
using the mudflat boundaries from the earlier year 
 
Due to a lack of data for earlier topographic surveys of the salt marsh and mudflats in the 
Test, Itchen and Hamble it was assumed that sediment rates of sediment accretion were 
dependant  on  sea  level  rise.  Lowest  Astronomical  Tide  (LAT)  marks  the  lower  limit  for 
mudflats with salt marsh restricted to the area between Mean High Water Neap (MHWN) 
and Highest Astronomical Tide (HAT) (Gray, 1992). Tide gauge data for Southampton Water 
was collected by Haigh (2009) for the period of 1935 to 2006 giving the change in HAT, 
MHWN and LAT. Mean sea level changes from tide gauges contain contributions from both 
eustatic changes in ocean level and from vertical land movements (Woodworth et al., 1999)  
as well as secular trends such as a nodal variation (18.6 year cycle), meteorological and 
oceanographic forcings (e.g. storm surges) (Van Der Wal & Pye, 2003). For the purpose of 
this  study  Haigh  (20/09/2006)  kindly  extrapolated  the  rates  of  tidal  level  change  to 
provide tide levels to 1783 (Table 4.7). Change in sea level between years was assumed to 
be proportional to accretion over the surface of the intertidal zone, this was a method used 
by Cope et al. (2007a) in predicting future salt marsh and mudflat volumes from LiDAR for 
the  South  Coast  using  sea  level  rise  trends.  The  HAT,  MHWN  and  LAT  were  used  as 
contours and interpolated using the Topo to Raster tool for both 2008 and the earlier year, 
e.g. 1965 to provide an indication of accretion or erosion over the mudflat and salt marsh 
surface. LiDAR from 2008 was used as a baseline and the sediment accretion from sea level 
rise  between  years  was  subtracted  from  the  LiDAR  height  to  predict  historic  intertidal 
heights, i.e.: 
Height of salt marsh/mudflat in 2008 from LiDAR or hydrographic survey - (Height of 
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from  tidal  height  from  earlier  year,  egg  1965  taken  from  work  by  Haigh)  =  Salt 
marsh/  Mudflat  height  in  earlier  year  (e.g.  1965).  (Equation  4-6  :  Height  of  salt 
marsh/Mudflat)  
Year  % of good tide gauge data  HAT  MHWN  LAT 
1783  extrapolated  2.030  1.080  -2.617 
1894  extrapolated  2.030  1.080  -2.617 
1911  extrapolated  2.033  1.083  -2.614 
1932  extrapolated  2.051  1.101  -2.596 
1947  94 
 
2.066  1.116  -2.581 
1965  94  2.066  1.154  -2.756 
1976  94  2.223  1.137  -2.966 
1996  99  2.089  1.181  -2.697 
2001  99  2.143  1.175  -2.670 
2008  (Poltips, 2008)  2.190  1.490 
 
-2.780 
 
Table 4.7: Tide gauge data for Southampton Water (Haigh, 20/09/2006) 
Salt Marsh Fragmentation 
Baily  and  Pearson  (2007)  analysed  the  change  in  salt  marsh  morphology  from  aerial 
photographs between 1971 and 2001 of salt marsh between Hurst Castle Spit and Pagham 
Harbour, Southern England. Baily and Pearson (2007) found that salt marshes at Keyhaven, 
Beaulieu,  and  Langstone  have  increased  in  complexity  between  1971  and  2001.  It  was 
found that such an increase in complexity is usually accompanied by creek widening and 
an  increase  in  frontal  erosion  to  the  seaward  edge.  The  general  pattern  of  salt  marsh 
erosion was noted to start from a state in which the salt marsh consists of a large patch; 
this is then internally permeated by erosion pans during a „perforation stage.‟ The salt 
marsh continues to be broken up internally by the widening of creek margins until the salt 
marsh evolves in to a „dissected stage‟. Erosion continues along the shallow cliffs of the 
exposed  edges  of  the salt  marsh  until  increased fragmentation results in the complete 
break-up of the salt marsh during the „attrition phase‟ followed by eventual disappearance.  
A measure of the complexity of a salt marsh could therefore indicate its susceptibility to 
erosion  as  smaller  islands  have  a  greater exposure to  wave  attack.  A  trend of the salt 
marsh  becoming  more  complex  over  time  is  also  an  indication  that  it  is  eroding.    A 
measure  of  the  fragmentation  of  salt  marsh  was  drawn  from  the  relationship  between 
polygon size and complexity, as shown in Equation 4-6. This equation was applied to the Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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salt marsh on Southampton Water to identify whether the morphology of the salt marsh 
indicated an erosional trend (Chapter 5.6.3). 
    S=P/3.54 A
0.5          (Equation 4-7) Salt marsh compactness 
 where P is the perimeter length and A is the area. The factor 3.54 (twice the square root of 
ˀ) ensures that the most compact shape, a circle, returns a shape value of 1.0 and the 
most dissected, and contorted shapes return higher values.   
 
Research has indicated that there were no in depth studies of the topography of the salt 
marsh till 1996. In 1996 ABP Marine Environmental Research were commissioned to collect 
topographic data of the intertidal area from Eling to Calshot and the eastern shore along 
Southampton  Water.  The  salt  marsh  and  mudflats  were  surveyed  for  height  change 
annually  between  1996  and  2006.  Height  readings  were  taken  by  walking  along  pre-
determined  lines  across  the  intertidal  surface  at  500m  intervals  using  a  Real  Time 
Kinematic (RTK) GPS with a base station at the end of Southampton Dock 4. The RTK GPS is 
1cm  accurate,  but  taken  as  accurate  to  3cm  in  x,  y,  z  (Personal  Communication,  Neil 
Pittam-  ABPmer,  2005).  These  height  measurements  were  combined  with  the 1996  and 
2005 bathymetric data to more accurately represent the state of the estuary in each year. 
For  2008  LiDAR  (light  detection  and ranging)  data  was  available covering  the intertidal 
zone which was used to provide topographic data.  
Error Analysis of Salt Marsh and Mudflat Volumes 
Historically shoreline field surveys were quite time consuming resulting in long periods 
between successive maps. More recently the use of aerial photography has been used to 
show shoreline change the benefits of which include a relatively synoptic view and more 
frequent collection (Anders & Brynes, 1991).   
Shoreline positions taken from historic maps can only be as accurate as the original map 
was.  Accuracy  depends  on  the  standards  to  which  the  original  map  was  made  and  on 
changes  which  have  occurred  to the map since its original publication. Historical maps 
have  been  reported  by  Anders  &  Brynes  (1991)  to  carry  the  following  potential  errors; 
scale; datum change; have suffered from shrink or stretch over time; errors in publication 
standards, surveying standards and projection. The width of the annotated line drawn to 
represent  each  geomorphological  feature  can  introduce  an  error  of  several  metres  at 
ground scale (Anders & Brynes, 1991).  Salt marsh areas on OS maps have changed from a 
line on the 1783 map to a symbol between 1894 and 1947 to a combination of a symbol Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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and line from 1965. The map symbol provided a poor representation of the salt marsh 
edge and gave a greater error than the line depiction. Both the high and low water marks 
have been represented as lines since 1783 though the width of the line varied between 
years. Although aerial photographs do not carry the error of this line representation the 
salt marsh cliff can cause a shadow which results in the same effect of misrepresenting 
where the edge of the salt marsh cliff is. The error caused by the representation of salt 
marsh and mudflat areas both on aerial photography and historic maps for Southampton 
Water can be seen in Table 4.8. 
Year  Photograph Pixel 
Size (m2) 
Shadow 
(m) 
Width of line 
HAT (m) 
Width of line 
MHWN (m) 
Width of line LAT (m) 
1783  N/A  0  7-11  5-10m  5 
1894  N/A  0  3-5.5  Symbol  4-6 
1911  N/A  0  3-5  Symbol  2-3 
1932  N/A  0  1-1.2  Symbol  0.5-0.9 
1947  0.5  0-5  1.8-3  Symbol  2.5-3.5 
1965  0.5  0-4.2  2.5-4.5  2.5-3.6  2-3.2 
1976  0.45  0-11  2.4-3.6  3.6-5.5  1.2-2.5 
1996  0.45  0-2.27  1.8-3.2  3.6-5.5 (symbol and 
line) 
1.3-2.75 
2001  0.2  0-1.1  1.0-2.2  3.8-5.5  1.4-2.6 
2008  0.1  0-0.7  1.3-1.8  3.3-5  1.3-2.3 
Table 4.8: Errors associated with the representation of tidal lines on 1:10,000 OS maps and 
the representation of salt marsh on aerial photographs from Southampton Water 1783-
2008 
 
The largest scale OS map on which the complete low water mark is shown is 1:10,000. For 
earlier maps the preferred ground survey method was triangulation with chain and link 
measurement,  this  provided survey  stations at distances between 1.5 and 3km with all 
measured distances having a maximum permissible error of 1 in 500, for infill data this 
equated to a maximum of 2 links in 1000 (approximately 1m)  (Ordnance Survey, 1882, 
Ordnance Survey, 1952). Where a quicker survey method was required transverse or „in 
line‟ surveying was permitted, for example to record the low water line, with an acceptance 
of a reduction in detail but no comparative decrease in accuracy (Ordnance Survey, 1908). 
After 1930 aerial photographs were used to support new tachaeometric ground survey to 
identify areas of change in areas where survey was difficult or expensive (Gardiner, 1950). 
Although  formal  accuracy  tests  only  began  in  the  1950s,  early  OS  organisation  along 
military  lines  enforced  strict  standards  with  daily  checks  of  equipment  and  work  and 
division of labour which promoted scrutiny at each stage of the mapping process. Revision 
detail  was  expected  to  be  of  the  same  standard  as  the  original  survey,  including  any Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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corrections which the older detail required (Hanson & Nicholls, 2003). Ordnance Survey has 
spent over £5 million on establishing the accuracy of their work over the past 40 years. 
The relative position accuracy of their different map scales are shown in Table 4.9.  
Scale and method of original 
survey 
Expected absolute accuracy at differing confidence 
levels 
Maximum measured  
distance 
  63%  95%  99%   
1:1250 Scale  +/-0.4m  +/-0.8m  +/-1.0m  60.0m 
1:2500 Resurvey./Reformed  +/-0.9m  +/-1.8m  +/-2.3m  100.0m 
1:2500 Overhaul  +/-1.2m  +/-2.3m  +/-3.0m  200.0m 
1:10,000 scale  +/-3.5m  +/-6.7m  +/-8.8m  500.0m 
Table 4.9: OS Relative Accuracy (Ordnance Survey, 1998) 
Prior to 1844 the definition of low water mark depended on the surveyor  (Lee & Clark, 
2002). The field instructions given in the earliest Instructions to Surveyors  (1882) for the 
recording of tidal lines have since remain largely unchanged, although the notation on the 
recorded  line  has  changed  (i.e.  High  Water  Mark  of  Ordinary  Tides,  High  Water  Mark 
Medium Tides, Mean High Water).  The method used was to calculate the mean tide from 
Admiralty  tide  tables  and survey  this  from  the ground by  marking  the line with pegs 
(Ordnance Survey, 1882, Ordnance Survey, 1908). The measurement of low water mark 
required the participation of all surveyors within the team, each of whom was allocated set 
distances to measure  (Ordnance Survey, 1882). Within an estuary where conditions may 
have discouraged survey on foot the use of a boat was permitted. The use of Admiralty 
Charts was used to confirm the line of low water where  the foreshore survey was unclear 
(Ordnance Survey, 1905).  
Aerial photographs also carry potential errors including distortions arising from taking a 
two-dimensional photograph of a three- dimensional object; tilt and pitch of the aircraft at 
the time of exposure, and scale variations caused by changes in altitude along the flight 
line;  however improved camera optics are reducing these errors. A problem on older aerial 
photographs is that of radial lens distortion, the  improvements in lens technology have 
significantly reduced this problem over time. Lens distortion varies as a function of radial 
distance from  the centre of  the photograph,  therefore the image at  the centre of  the 
photograph is relatively distortion free  but as the angle of view increases the distortions 
are more pronounced (Crowell et al., 1991). Where over-lapping photographs were used in 
the study the photograph which was more centred was used for digitisation to reduce the 
lens  effect.  To  reduce  errors  caused  by  shrink/  stretch  and  standardize  the  scale  the 
historic maps and photographs used were georectified to a common scale, taken as the OS 
map of Southampton Water, 2003. In order to reduce errors from using aerial photographs Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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every photograph was scanned to high resolution, 600dpi, and georectified. The Root Mean 
Squared value, defined as the difference between the actual location on the map and that 
on the photo was kept below 1 pixel for a minimum of ten prominent well spaced ground 
control  points  during  georectifying  to  improve  accuracy.  The  pixel  size  changes  from 
0.85m x 0.85m for the 1889 map to 0.25m x 0.25m for the 2003 photograph, meaning 
that the accuracy of depiction of features increased over time. 
The potential error from OS maps and aerial photographs was calculated from the 1950s, 
as shown in Table 4.10. This highlights that the main source of error lies in the actual field 
measurement of the tidal lines.  
The  Root  Mean  Square  Errors  were  used  to  buffer  the  digitised  salt  marsh  areas  to 
calculate the minimum and maximum possible area of salt marsh for each year. This was 
multiplied by the average volume of salt marsh for that year to calculate the overall error in 
salt marsh volume. For example in 1783 the mean root mean squared error in HAT and 
MHWN  was  (10.46  +  7.31)/2  which  was  8.89m.  The  salt  marsh  area  in  1783  was  then 
buffered by 8.89m to give the maximum error in  area; it was then buffered again by -
8.89m  to  give  the  minimum  error  for  area.  The volume of  salt  marsh  on  Southampton 
Water  was  98,359,055m
3  covering  an  area  of  4,480,699m
2  giving  an  average  height  of 
1.48m. The difference in area between the digitised and buffered salt marsh areas was 
multiplied by this height to give the volume error of salt marsh in 1783.  Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
 
- 144 -   
Year  Width of line 
HAT/  Aerial 
Photograph 
Pixel Size (m) 
Shadow (m)  Positional 
Error 
Digitisation  Geo-
rectification 
RMSE 
1783  +/-9  0  +/- 3.5  +/-2  +/-3.5  +/-10.46 
1894  +/-4.25  0  +/- 3.5  +/-2  +/-2.7  +/-6.45 
1911  +/-4  0  +/- 3.5  +/-2  +/-1.6  +/-5.90 
1932  +/-1.1  0  +/- 3.5  +/-2  +/-1.46  +/-4.43 
1947  +/-0.5  +/-2.5  0  +/-2  +/-1.27  +/-3.48 
1965  +/-0.5  +/-2.1  0  +/-2  +/-1.17  +/-3.17 
1976  +/-0.45  +/-5.5  0  +/-2  +/-1.1  +/-5.97 
1996  +/-0.45  +/-1.1  0  +/-2  +/-0.73  +/-2.44 
2001  +/-0.2  +/-0.55  0  +/-2  +/-0.75  +/-2.17 
2008  +/-0.1  +/-0.35  0  +/-2  +/-0.66  +/-2.14 
Year  Width of line 
MHWN/  Aerial 
Photograph 
Pixel Size (m) 
Shadow (m)  Positional 
Error 
Digitisation  Geo-
rectification 
RMSE 
1783  +/-5  0  +/- 3.5  +/-2  +/-3.5  +/-7.31 
1894  +/9.5 (average 
height of 
symbols) 
0  +/- 3.5  +/-2  +/-2.7  +/-10.67 
1911  +/5 (average 
height of   
symbols) 
0  +/- 3.5  +/-2  +/-1.6  +/-6.62 
1932  +/6 (width of 
symbols) 
0  +/- 3.5  +/-2  +/-1.46  +/-7.37 
1947  +/-0.5  +/-2.5  0  +/-2  +/-1.27  +/-3.48 
1965  +/-0.5  +/-2.1  0  +/-2  +/-1.17  +/-3.17 
1976  +/-0.45  +/-5.5  0  +/-2  +/-1.1  +/-2.57 
1996  +/-0.45  +/-1.1  0  +/-2  +/-0.73  +/-2.44 
2001  +/-0.2  +/-0.55  0  +/-2  +/-0.75  +/-2.21 
2008  +/-0.1  +/-0.35  0  +/-2  +/-0.66  +/-2.14 
Year  Width of line 
LAT/  Aerial 
Photograph 
Pixel Size (m) 
Shadow (m)  Positional 
Error 
Digitisation  Geo-
rectification 
RMSE 
1783  +/-5  0  +/- 6.7  +/-2  +/-3.5  +/-9.28 
1894  +/-5  0  +/- 6.7  +/-2  +/-2.7  +/-9.01 
1911  +/-2.5  0  +/- 6.7  +/-2  +/-1.6  +/-7.60 
1932  +/-0.7  0  +/- 6.7  +/-2  +/-1.46  +/-7.18 
1947  +/-3  0  +/- 6.7  +/-2  +/-1.08  +/-7.68 
1965  +/-2.6  0  +/- 6.7  +/-2  +/-1.2  +/-7.56 
1976  +/-1.85  0  +/- 6.7  +/-2  +/-1.1  +/-7.32 
1996  +/-2.03  0  +/- 6.7  +/-2  +/-1  +/-7.35 
2001  +/-2  0  +/- 6.7  +/-2  +/-0.89  +/-7.33 
2008  +/-1.8  0  +/- 6.7  +/-2  0  +/-7.22 
Table 4.10 Provisional estimates of the root mean square error (RMSE) (the square 
root of the sum of all errors squared) for Mean High Water Neap (MHWN), Lowest 
Astronomical Tide (LAT) and Highest Astronomical Tide (HAT) on Southampton Water 
Data Limitations 
Salt marsh and mudflat volume changes were derived from historic charts and aerial 
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period. Although accuracy improved over time it was a limiting factor. To overcome 
the  problems  with  accuracy  the  error  associated  with  surveys  and  maps  was 
calculated,  this  was  possible  due  to  the  well  documented  error  surrounding  such 
data. There was a lack of recorded height change data in earlier years to calculate 
changes in volume of these stores, to overcome this the height of salt marshes and 
mudflats was derived from tidal heights taking in to account the relationship between 
the two.   
4.4.3  Change in Sediment Storage/Morphology: Land Claim 
Land claim causes sediment which was stored in the estuary, e.g. as salt marsh, or 
part  of  the  channel to  become immobilised  and cease to  be  part  of  the potential 
sediment  budget.  There  has  been  extensive  land  claim  on  Southampton  Water  as 
listed in Table 3.2. 
Areas of reclaim were defined as those areas which were salt marsh, mudflats or part 
of  the  channel  but  appear  as  land  on  the  2008  OS  map  of  the  study  site.  This 
definition  was  used  as  although  salt  marsh  which  had  converted  to  land through 
succession  and  accretion  would  be  included,  without  a  detailed  map  of  the  land 
which had been reclaimed the 2008 OS map provided the most up to date record of 
the  landward  boundary  behind  which  marsh  had  been  historically  removed    by 
reclamation. These areas were converted to volumes using the same technique as 
used for the volume calculations for the channel, salt marsh or mudflat depending on 
what was immobilised. 
Error Analysis of Land Claim Volumes 
The  error  associated  with  the  volumes  of  reclaimed  land  is  the  same  as  that 
calculated for the intertidal habitat change and channel change. 
Data Limitations 
Data on the volume of sediment immobilised through each land claim activity was not 
available  resulting  in  data  limitations.  To  overcome  this  volumes  of  sediment 
immobilised through land claim were derived from historic maps; aerial photographs; 
tidal data to derive salt marsh and mudflat heights and charts or survey data for the 
channel. The error associated with such datasets provided a degree of confidence in 
these calculations. 
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4.5  Change in Equilibrium State 
As  stated  in  Chapter  3.3  the  ratio  of  average  intertidal  flat  height  to  tidal  range 
(H
f/H), intertidal flat area to basin area (A
f/A
b) and channel volume and tidal prism 
(V
c/P)  are  expected  to  be  approximately  constant  when  an  estuary  is  in  dynamic 
equilibrium (Rossington 2008). Each of these ratios was calculated for each of the 
reaches for each epoch to determine whether the reach was in equilibrium state and 
what the impact of this was on the sediment budget. 
This chapter outlined the methods required to quantify the historic sediment budget, 
morphology of the estuary and dynamic equilibrium and quantify the error associated 
with its elements. The results of these analyses will now be outlined and discussed in 
Chapter 5.    Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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5.  Results- The Sediment Budget of 
Southampton Water 1783-2008 
5.1  Introduction 
Over the following chapter the changes in the morphology, sediment budgets and 
equilibrium state of each of the reaches will be presented, including their potential 
error. These changes are related to the historic events which have taken place in the 
estuary as outlined in Chapter 3 in order to highlight which pressures have had the 
main  influences  on  the  state  of  the  estuary  and  which  should  be  the  focus  of 
estuarine management.   
The results will be presented for each of the reaches in more detail as follows, with 
the chapter detailing the method of quantification in brackets: 
1)  Change in Energy Dispersal (from literature review) 
2)  Change in Sediment Inputs- Cliff Inputs and River Inputs. As shown in Figure 
3.5  cliffs  are  only  present  on  the  eastern  side  of  the  Main  Channel  of 
Southampton  Water  therefore  cliff  input  is  only  accounted  for  in  the  Main 
Channel  sediment  budget,  eroded  cliff  material  from  this  section  of  the 
estuary could input to the Itchen, Test and Hamble estuaries but are included 
as marine sediment. 
3)  Change in Sediment Outputs- Dredging  
4)  Change in Sediment Stores/ Morphology- Channel, Salt Marsh, Mudflats.  To 
enable  comparison  between  the  volumes  for  salt  marsh,  mudflats  and  the 
channel  for  all  reaches  all  volumes  for  storage  change  were  taken  as  the 
volume  of  sediment  above  the  -20.47m  ODN  plane,  the  lowest  depth  in 
Southampton Water in the study period. 
5)  Balancing the Sediment Budget- Marine Inputs/Outputs  
6)  Change in equilibrium state  
5.2  Hamble Estuary 
As summarised in Table 3.4 and shown in Figure 3.5 the limits of the Hamble Estuary 
reach are the confluence of the Hamble and Main Channel to the tidal limit of the 
Hamble  Estuary  at  Riverside  Park.  The  natural  form  of  the  estuary  is  a  shallow 
channel  with  extensive  intertidal  flats.  The  Hamble  Estuary  is  one  of  the  largest 
recreational  yacht  and  boating  centres  in  Europe  and  has  been  influenced  by 
development for recreational boat use.  Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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5.2.1  Energy Dispersal 
Townend and Dun (2000) found that there had been a small move away from the 
most  probable  state  of  energy  dispersal  over  time  in  the  estuary,  which  was 
attributed  to  dredging  associated  with  leisure  developments  on  the  river  which 
deepened the channel. The final reach of the estuary toward the mouth showed a 
marked  move  away  from  the  most  probable  state  most  likely  due  to  channel 
deepening. There was no change at the mouth of the estuary highlighting the validity 
of the mouth as a sustained boundary. 
 
 
Figure 5.1 Changes in the energy distribution in the Hamble Estuary 1783-1996 
(Townend & Dun, 2000) 
5.2.2  Sediment Input: River Input 
Historical data from the Natural Environment Research Council  (2008) of long term 
river flow and sediment input from the River Hamble and data found from literature 
review (Table 5.1) indicated that there had not been a significant change in sediment 
discharge from the river over the study period. This agreed with sediment sampling 
data provided by the Environment Agency for the River Hamble (1993-2007).  There 
was no long term sediment concentration data. It was therefore assumed that the 
sediment input from the River Hamble was the average discharge rate multiplied by 
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converted from m
3/s to m
3 per annum and error calculated for the sediment budget 
calculations as outlined in Chapter 4.3.2. 
The  sediment  input  from  River  Hamble  was  estimated  to  be
  109.80  (+98.33/-
54.68) m
3 per annum between 1783 and 2008. 
  
Year  Average Discharge (m
3s
-1)  Source 
1972-2005  0.44  Natural Environment Research Council (2008) 
1982  0.40  Westwood (1982) 
1988-1993  0.29  Sylaios (1994) 
1998  0.44  Shi (2000) 
Unknown  0.6  ABP Research and Consultancy (2000) 
Year  Average Sediment 
Concentration (g/m
3) 
Source 
1993-2007  10.28 (+4.01/-2.45)  Environment Agency River Data 
Table 5.1 Average discharge and sediment concentration River Hamble  
5.2.3  Sediment Output: Dredging  
Dredging operations in the Hamble Estuary have occurred in marinas and berths for 
many years in support of recreational boating activity. The main areas dredged in the 
Hamble Estuary are shown in Figure 5.2. Table 5.2 lists the development dates of 
each of the marinas associated with these dredging activities on the Hamble Estuary.  
Nearly  all  dredging  is  undertaken  during  winter  months,  mainly  from  October 
through to the end of March, due to the nature of marine operations. All maintenance 
dredging within the Hamble is believed to be extracted by backhoe to a self propelled 
split hopper barge and disposed of main at the Nab Tower disposal site as indicated 
in  Figure  1.1  with  smaller  amounts  disposed  of  at  Hurst  Spit,  West  Solent  in bad 
weather (ABP Marine Environmental Research Ltd, 2011).   
Dredging data was collated by ABP Marine Environmental Research (2011) to inform 
the River Hamble Maintenance Dredge Plan. The recording of maintenance and capital 
dredging in the estuary were not differentiated in records (ABP Marine Environmental 
Research (2011)). This data was derived from the Department for Environment, Food 
and Rural Affairs (Defra) Disposal at Sea Database (DAS) together with supplementary 
information  from  Horter  (2003a)  for  the period of  1986  to 2002 and more recent 
information  (2003-2010)  provided  by  the  various  marinas  in  the  Hamble.    This 
historical timescale of dredging is provided in Appendix 2. ABP Marine Environmental 
Research (2011) calculated the total volume of dredged material from the estuary was 
approximately 19,400m
3 per annum between 1986 and 2010, with the contribution 
from maintenance dredging being 16,000m
3. These records were used to calculate 
the sediment dredged from the Hamble between 1986 and 2008 (Table 5.3).   Elizabeth Hopley                      The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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The total volume of sediment dredged from the Hamble Estuary between 1986 
and 2008 was about 463,700m
3, an average of 21,100m
3 per annum (derived from 
ABP Marine Environmental Research (2011). 
Figure 5.3 shows how the dredge volumes were dispersed between dredge locations 
in the estuary between 1986 and 2008. Most of the locations within the estuary have 
been maintenance dredged on average once every 2-9 years. Hamble Point Marina, 
which is closest to the mouth of the estuary, has been dredged more regularly, about 
every 2 years. General dredging of the Hamble has not occurred since 1994. 
To represent the volume of dredging required in the Hamble Estuary for the period of 
time before historic records of dredging were available the construction date of each 
marina  and  the  average  maintenance  dredge  volume  for  that  marina  from  data 
between 1986-2008 were taken as an indicator. This was deemed acceptable due to 
the lack of historic data meaning that this was the best available evidence and due to 
the large error associated with the dredge values meaning changes associated with 
recreational vessel size would be taken into account (Table 5.3).  The majority of the 
marinas on the estuary were constructed in the 1960s-1970s (Table 5.2). The epochs 
before these dates therefore represent the state of the estuary without the dredging 
influence  on  equilibrium  state  making  it  possible  to  understand  the  impacts  of 
dredging on the estuary over time. The change in dredging volumes by epoch are 
summarised  in  Table  5.3,  this  shows  dredging  since 1947- 1965 has remained at 
fairly  constant  levels  to  2008  the  pressure  from  dredging  on  the  estuary  has 
therefore remained at consistent levels for over 50 years. 
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Figure 5.2: Location and dates of construction of marinas on the Hamble Estuary 
(refer to Table 5.2 for references). 
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Development  Year  Source 
Hamble Point Marina  1970s  Hamble Local History Society, 2009 
Stone Pier Boatyard  1976  First appearance on OS map 
Harbour Masters Point  1970s  (Clatworthy, 2011) 
Port Hamble Marina  1964  (Underdown, 2009) 
Hamble Yacht Services  1970s  (Underdown, 2009) 
Mercury Yacht Harbour  1971  (Underdown, 2009) 
Universal Marina  1960s  (Hampshire County Council, 2007)  
 
Swanwick Marina  Late 1960s  (Underdown, 2009) 
River Hamble General  Assume 1960s due to other  
developments 
 
Rank Marine International  1976  First appearance on OS map 
Table 5.2: Construction dates of developments associated with dredging 
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Figure 5.3 Total maintenance dredging volume for marinas Hamble Estuary 1986-
2008 (Dredge volumes taken from (ABP Marine Environmental Research Ltd, 2011) 
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 Period  Dredging Volume 
(x10
3m
3)   
Error (Plus) (x10
3m
3)  Error (Minus) (x10
3m
3) 
2001-2008  18.2  9.1  9.1 
1996-2001  18.9  9.5  9.5 
1976-1996  24.7  12.4  12.4 
1965-1976  21.0  10.5  10.5 
1947-1965  15.2  7.6  7.6 
1932-1947  0.2  0.1  0.1 
1911-1932  0  0  0 
1894-1911  0  0  0 
1783-1894  0  0  0 
Table 5.3: Dredging volumes by epoch for the Hamble Estuary at an assumed density 
of 1,300kg/ m
3as derived from ABP Marine Environmental Research (2011). Error 
taken as 50% of the dredge volume (error calculations discussed in Chapter 4.3.3). 
5.2.4  Change in Storage/ Estuary Morphology- Salt marsh, mudflat and channel 
The change in the sediment stores between 1783 and 2008 are presented in a table 
and  a  series  of  maps  to  indicate  both  the  epoch  and  location  of  the  change 
(Appendices  3-12).  To  make  it  clear  where  there  had  been  change  between  the 
epochs the maps and tables were coloured. The channel, salt marshes and mudflats 
were coloured green where changes were within the range of data error, blue where 
accretion  had  occurred  and  red  where  erosion  had  occurred  (the  method  of  error 
calculation was presented in Chapter 4.4). Areas which had been land claimed were 
coloured  purple.    The  error  associated  with  heights  outlined  in  Chapter  4.4.1 
determined  whether there  was  significant  change  in the depth of sediment in the 
channel. The changes were related to probable pressures on the Hamble Estuary from 
literature review as presented in Chapter 3 and from evidence provided by historic 
maps.  The  overall  change  in  the  Hamble  Estuary  between  1783  and  2008  is 
presented in Table 5.4 and Figure 5.4 to Figure 5.10.  
As summarised in Table 5.4 the Hamble Estuary was influenced by the development 
of the recreational boating industry from the 1960s which increased the volume and 
area of the channel, resulting in a decrease in the sediment stored in the channel by 
10.5 (+5.7/5.1) x10
6m
3 (Figure 5.4 and Figure 5.5) through dredging activities. 
Land  claim  activities  were  one  of  the  largest  causes  of  salt  marsh  and  mudflat 
declines in volume. These were the result of agricultural development, road and rail 
development, urbanisation and the development of marinas (Appendix 4 to Appendix 
11 and Table 5.2) and resulted in the immobilisation of 10.6 (+3.9/-4.5) x10
6m
3 of 
mudflat and 18.1 (+7.8/-7.6) x10
6m
3 of salt marsh between 1783 and 2008.                         
Between 1783 and 2008 there was slight changes in the volume of sediment stored 
in salt marshes and mudflats excluding land claim however these were not outside of Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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error ranges (Table 5.4). There was a significant decrease in the area of salt marsh. 
The changes in salt marsh and mudflat area and volume could have been a combined 
response to the growth and dieback of S.anglica, a managed realignment scheme and 
dredging impacts (Figure 5.7 and Figure 5.9). 
Between  1783  and  1894  there  was  a  small  increase  in  salt  marsh  volume  and 
decrease  in  mudflat  volume  on  the  Hamble  Estuary,  this  corresponded  with  the 
finding of Spartina alterniflora Lois. between 1829 and 1836 on the Itchen estuary 
(Marchant 1967; Ainouche et al. 2004) so was likely to be a result of the spread of the 
resulting hybrid S.anglica. Between 1911 and 1932 there were signs of dieback in the 
estuary resulting in a decline in salt marsh area and volume and increase in mudflat 
volume and area as destabilised sediment became available (Figure 5.9 and Appendix 
3).  
The  decline  of  mudflat  and  salt  marsh  between  1947  and  1965  appeared  to  be 
related  to  the  slumping  of  the  intertidal  associated  with  dredging  as  during  this 
epoch the channel accreted in areas where erosion of the intertidal occurred (Figure 
5.7, Figure 5.9 and Appendix 3).   
A managed realignment site, Bunny Meadows, formed through breaching of a sea wall 
in  ca.  1930  resulted  in  accretion  of  salt  marsh  and mudflat  on  the eastern  shore 
however  this  was  showing  signs  of  erosion  between  1976  and  1996  (Figure  5.6, 
Figure 5.8 and Appendix 3).     Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
Overall 
change 
1783-
2008 
Morphology (from map 
comparison) 
Migrated from the north west to 
south east and widened and 
deepened around marina 
developments 
Migrated from the north west 
to south east with channel. 
Seaward accretion of mudflat 
and landward accretion. 
Areas of salt marsh loss around 
marinas. Areas of salt marsh 
gain around managed 
realignment sites and mid 
estuary. 
Dredging and land claim associated with marina 
development- Deepening and widening of the estuary 
resulted in an increased volume and area of the channel in 
association with further development of the boating industry.  
 
The overall decrease in channel depth could be a result of 
mudflat and salt marsh erosion associated with S.anglica 
dieback in parts of the estuary which were not deepened 
through dredging.                     
Average height of mudflat decreased probably due to 
slumping associated with dredging or through S.anglica 
dieback providing additional material to the mudflat from 
eroding marshes.  
Accretion of mudflat was probably due to managed 
realignment and S.anglica dieback given the location of 
accretion from map comparison. Accretion was balanced by 
mudflat erosion as a result of improving access to marina 
developments to give no change in area or volume outside 
the error range.                                       
Salt marsh frontal erosion was probably associated with 
S.anglica dieback. Accretion of salt marsh occurred at 
managed realignment sites and where S.anglica colonised 
between 1783 and 1894 and was still stable in 2008. Accretion 
was balanced by erosion to also give an overall no net change 
in salt marsh volume and area taking in to account error 
ranges.    
Land claims occurred in the form of urbanisation, marina 
developments, road and rail developments and for 
agriculture on the Hamble                                                                       
Topography (taken as 
mean height above -
20.47m)  (heights given in 
m) 
Decreased in depth from 11.1 
(+/-0.5) to 16.5 (+/-0.1). The 
sediment in the channel i.e. 
accreted by 5.4 (+/-0.5). 
Increased in height from 19.5  
(+/-0.1) to 20.3  (+/-0.1) 
Increased in height from 21.9  
(+/-0.1) to 22.1 (+/-0.1) 
Area (areas given in x 
10
5m
2) 
Increased in area from 7.7 
(+3.2/-2.5) to 11.5 (+2.3/-2.3 
No change outside of range 
of error  (from 14.3 (+5.3/-6.0) 
to 13.0 (+4.7/-4.3)) 
Decrease in area of salt marsh 
from 10.1 (+4.4/-4.3) to 4.6 
(+1.5/-1.6) 
Volume Sediment Stored 
(volumes given in x 10
6m
3) 
Increased in volume from 8.6 
(+4.1/-3.1)
  to 19.1 (+4.0/-4.1) 
therefore sediment stored in 
channel decreased by 10.5 
(+5.7/-5.1) 
No change outside of range 
of error (from 14.3 (+19.6/-8.7) 
to 26.3 (+9.6/-8.7)) 
No change outside of range of 
error (from  22.2 (+9.6/-9.3) to 
10.2 (+3.4/-3.5)) 
Volume Immobilised 
(Land Claim) (volumes 
given in x 10
6m
3) 
1.6 (+/-0.1)  10.6 (+3.9/-4.5)  18.1(+7.8/-7.6) 
Table 5.4 Hamble Estuary overall morphological change 1783-2008. 
Land claim is shown in purple; an increase outside the error range in blue and a decrease outside the range of error in pink and no change outside error ranges 
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Figure 5.4 Hamble Estuary Sediment Store Change 1783-2008- Channel  
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Figure 5.5 Hamble Estuary Channel Volume Change 1783-2008.  
Land claim activities are shown in purple; the pink lines indicate where capital dredging events occurred.  Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.6 Hamble Estuary Sediment Store Change 1783-2008- Mudflat. References: 
1.(Hamble Local History Society, 2009), 2. (Underdown, 2009), 3. (Hampshire County 
Council, 2007), 4. (Cundy & Coudace, 1995), 5. (Clatworthy, 2011).  Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.7 Hamble Estuary Mudflat Volume Change 1783-2008 
Land claim activities are shown in purple, blue shows possible causes for erosion and pink possible causes for accretion. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.8 Hamble Estuary Sediment Store Change 1783-2008- Salt Marsh References: 
1.(Hamble Local History Society, 2009), 2. (Underdown, 2009), 3. (Hampshire County 
Council, 2007), 4. (Cundy & Coudace, 1995), 5. (Clatworthy, 2011). Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.9 Hamble Estuary Salt Marsh Volume Change 1783-2008 
Land claim activities are shown in purple, realignment in orange, blue shows possible causes for accretion and pink possible causes 
for erosion. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.10 Hamble Estuary Sediment Store Change 1783-2008- Land Claim Mudflat and Salt MarshElizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 163- 163 -- 
5.2.5  Hamble Estuary Sediment Budget 
The components of the sediment budget as outlined over chapters 5.2.2 to 5.2.4 are as 
follows: 
River Input + Change in Sediment Stores (Channel and Intertidal) – Dredging Output + 
Sediment  Immobilised  by  Land  Claims  =  Marine  Exchange  (Equation  5-1  Hamble 
Estuary Mass Balance Equation)  
The  sediment  budget  for  the  Hamble  Estuary  between  1783  and  2008  is  presented  in 
Appendix 13. Figure 5.11 shows the change in the volume of sediment required to balance 
the sediment over time.   
As stated in Chapter 5.2.4 and displayed in Figure 5.10 land claim immobilised the largest 
volume of sediment from the sediment budget. For ease of interpreting patterns in the 
change  in  the  sediment  stores  in  relation  to  other  pressures  Figure  5.12  shows  the 
deviation  in  the  contribution  of  the  various  components,  excluding  land  claim,  of  the 
sediment budget to the mass balance of the estuary between 1783 and 2008.  
Figure 5.11 shows that between 1783 and 2008 the demand for sediment by the Hamble 
Estuary to balance its sediment budget increased. Figure 5.12 indicates that the change in 
the demand for sediment from marine exchange to balance the sediment budget on the 
Hamble Estuary was related to the demand for sediment from intertidal stores. The periods 
in  which  there  was  a  sediment  demand  placed  on  the  system  related  to  periods  of 
intertidal habitat accretion. Specifically these periods of net sediment demand were due S. 
anglica  spread  in  which large volumes of sediment were stabilised  by salt marsh roots 
(1783-1911) and the managed realignment of Bunny Meadows (1932-1947). A period of 
salt marsh and mudflat accretion also occurred between 1996 and 2008, this coincided 
with years in which channel accretion occurred indicating that the estuary was acting as a 
sediment sink following large dredges in the 1960s associated with marina development.  
During  epochs  in  which  the  salt  marshes  and  mudflats  eroded  the demand for  marine 
sediment to balance the sediment budget decreased proportionally. These related to the 
dieback of large areas of S.anglica marsh between 1911 and 1932 which released sediment 
in  to  the  system  and  years  in  which  capital  dredges  encouraged  the  instability  of  salt 
marsh and mudflats (1965-1996).   
The overall changes in the sediment budget during these periods indicate that: Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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1)  Input  of  sediment  from  rivers  to  the  Hamble  Estuary  sediment  budget  was 
negligible. 
2)  The demand for sediment from marine exchange to balance the sediment budget 
was directly related to the demand for sediment from intertidal stores. 
3)  Managed realignment sites placed a sediment demand on the rest of the system 
4)  Dredging  directly  removed  sediment  stored  in  the  channel  and  resulted  in  the 
destabilisation of the intertidal habitats, particularly apparent during the dredging 
activities  related  to  the  development  of  marinas  during  the  1960s.  In  the years 
following large dredging activities however the estuary became a sediment sink and 
encouraged the accretion of the channel and intertidal habitats. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 165- 165 -- 
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Figure 5.11 Average annual volume of sediment required from marine exchange to balance the Hamble Estuary sediment budget 
1894 to 2008. Blue shows periods where there was an increase in the sediment demand and pink a decrease in the sediment demand 
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Figure 5.12 The deviation in the components of the Hamble Estuary sediment budget between 1783 and 2008. Blue shows periods 
where there was an increase and pink a decrease in the sediment demand to balance the sediment budget from marine sources. The 
error associated with these figures is shown in Appendix 13, not shown to simplify trend comparison. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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5.2.6  Hamble Estuary Equilibrium State  
The ratios which indicate equilibrium state of the mudflats and channels were calculated 
from historic data as shown in Table 5.4. The ratio of H
f/H has remained fairly constant 
since 1932 indicating that the Hamble Estuary is in equilibrium state. The change in the 
ratio from an average of 0.37 between 1783 and 1932 to an average of 0.5 between 1932-
2008 indicates a slight increase in the intertidal flat height compared to the tidal range 
occurred around 1932, this coincides with signs of dieback of S. anglica in the estuary and 
the managed realignment of Bunny Meadows which encouraged the accretion of mudflat. 
Both  the  ratio  of  A
f/A
b  and
  V
c/P  have  remained  fairly  constant  during  the  study  period 
indicating that despite dredging activity associated with marina development and various 
land claims the estuary has adjusted to these pressures. 
5.2.7  Hamble Estuary Results Summary 
The main changes in the Hamble Estuary between 1783 and 2008 are summarised in Table 
5.6. Between 1783 and 2008 the Hamble Estuary has been influenced by land claim, S. 
anglica growth and dieback, managed realignment and channel deepening associated with 
marina development. From analysis of the stability of the equilibrium state of the estuary 
during  the  study  period  calculation  of  the  various  ratios  indicating  equilibrium  state 
showed that anthropogenic and natural changes in the Hamble were on a small enough 
scale, with time to adjust to pressures, for the estuary to naturally respond to change. 
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 Year 
  
Intertidal Flat 
Height (m) 
  
LAT (m 
below 
ODN) 
Intertidal Flat 
Height 
above LAT (Hf) 
H 
Tidal Range 
(m) 
Hf/H 
Intertidal Flat 
Height/ Tidal 
range 
1783  -0.93  2.62  1.69  4.65  0.4 
1894  -0.85  2.62  1.77  4.65  0.4 
1911  -0.88  2.61  1.73  4.65  0.4 
1932  -0.22  2.60  2.37  4.65  0.5 
1947  -0.28  2.58  2.30  4.65  0.5 
1965  -0.41  2.76  2.35  4.82  0.5 
1976  -0.54  2.97  2.43  5.19  0.5 
1996  -0.44  2.70  2.26  4.79  0.5 
2001  -0.24  2.85  2.61  5.16  0.5 
2008  -0.20  2.78  2.58  4.97  0.5 
 
 Year  Intertidal Flat Area (x 
10
6m
2) 
Basin Area (x 
10
6m
2) 
Af/Ab Intertidal flat 
area/ Basin Area 
1783  1.43  3.22  0.5 
1894  1.18  2.95  0.4 
1911  1.15  3.00  0.4 
1932  1.09  2.93  0.4 
1947  1.30  2.97  0.4 
1965  1.36  3.09  0.4 
1976  1.26  3.01  0.4 
1996  1.26  2.90  0.4 
2001  1.25  2.87  0.4 
2008  1.30  2.92  0.4 
 
 Year  Channel Volume (x 10
6 
m
3) 
Tidal Prism (x 
10
6m
3) 
Channel Volume/ Tidal 
Prism 
1783  19.05  68.78  0.3 
1894  18.60  48.21  0.4 
1911  18.88  49.24  0.4 
1932  17.03  48.51  0.4 
1947  14.21  45.50  0.3 
1965  12.73  36.61  0.4 
1976  12.62  37.50  0.3 
1996  11.38  30.05  0.4 
2001  11.17  27.13  0.4 
2008  8.55  28.31  0.3 
 
Table 5.5 Summary of key changes in the Hamble Estuary between 1783 and 2008 as 
indicators of equilibrium. When an estuary is in equilibrium the ratios of average intertidal 
flat height to tidal range (H
f/H), intertidal flat area to basin area (A
f/A
b) and channel volume 
and tidal prism (V
c/P) are expected to be approximately constant Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Reach  Energy Dispersal 1783, 1926 
and 1996 (Townend & Dun, 
2000). 
Morphology  Sediment Budget  Dynamic Equilibrium 
Hamble  A small move away from the 
most probable state over 
time, which may be attributed 
to dredging associated with 
leisure developments on the 
river.  
The final reach of the estuary 
toward the mouth showed a 
marked move away from the 
most probable state most 
likely due to channel 
deepening.  
There was no change at the 
mouth of the estuary 
highlighting the validity of the 
mouth as a sustained 
boundary. 
Increase in channel depth 
throughout the study period, 
particularly in the 1960s and 
1970s associated with marina 
development. 
Spread of S. anglica in 1800s 
resulted in spread of salt marsh 
which colonised upper mudflats. 
Since 1911 dieback has 
resulted in decline of salt 
marsh. Dieback of salt marsh 
has released sediment to feed 
mudflats. Mudflats have 
experienced frontal erosion 
possibly through slumping 
associated with dredging. 
Managed realignment in the 
1930s also altered intertidal 
area. 
Land claim activities were one 
of the largest causes of salt 
marsh and mudflat declines in 
volume, as the result of 
agricultural development, road 
and rail development, 
urbanisation and the 
development of marinas.   
Between 1783 and 2008 the demand for sediment 
by the Hamble Estuary to balance its sediment 
budget increased.  
Sediment demands were potentially caused by 
the growth of S. anglica, managed realignment 
and years in which maintenance dredging 
volumes were large while intertidal accretion took 
place. 
The net export of sediment was possibly related to 
the dieback of large areas of S.anglica marsh and 
capital dredges encouraging the erosion of salt 
marsh. 
Indications show that the dynamic 
equilibrium of the Hamble Estuary has 
not significantly altered between 1783 
and 2008.  
This indicates that anthropogenic and 
natural changes in the Hamble were on a 
small enough scale for the estuary to 
naturally respond to change.  
Table 5.6 Hamble Estuary Changes in Equilibrium State and its components 1783 to 2008.Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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5.3  Itchen Estuary 
As summarised in Table 3.4 and shown in Figure 3.5 the limits of the Itchen Estuary are 
the confluence of Itchen and Main Channel to tidal limit of Itchen Estuary at Woodmill. The 
natural form of the estuary is a shallow channel with extensive intertidal flats. The Itchen 
Estuary  has  been  influenced  by  land  claim  in  relation  to  the  residential,  industrial  and 
commercial properties lining the estuary, the proximity to the Port of Southampton and the 
construction of wharves and quays requiring navigational access. 
5.3.1  Energy Dispersal 
Townend  and  Dun  (2000)  found  that  there  had  been  little  change  in  energy  dispersal 
between 1783 and 1926, followed by a significant move towards the most probable state 
in the period to 1996. These changes were found to be an order of magnitude smaller than 
on the Test suggesting an earlier move to the probable state, followed by a localised move 
away in the reach 3 to 5 km from the head. 
 
 
Figure 5.13 Changes in the energy distribution in the Itchen Estuary 1783-1996 (Townend 
& Dun, 2000) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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5.3.2  Sediment Input: River Itchen 
Historical data from the Natural Environment Research Council (2008) of long term river 
flow  and  sediment  input  from  the  River  Itchen  and  data  found  from  literature  review 
indicated that there had not been a significant change in sediment discharge from the river 
over the study period (Table 5.7). This agreed with sediment sampling data provided by the 
Environment Agency for the River Itchen.  There were no long term sediment concentration 
data.  It  was  therefore  assumed  that  the  sediment  input  from  the  River  Itchen  was  the 
average discharge rate multiplied by the average sediment concentration. The sediment 
concentration  figures  provided  by  ABP  Research  and  Consultancy  (ABP  Research  & 
Consultancy Ltd, 2000) for the River Itchen sediment input are inconsistent with the data 
provided by the Environment Agency and are considered inaccurate. 
The  sediment  input  from  River  Itchen  was  calculated  to  be  1,531.00
  (+6,812.65/-
830.44) m
3 per annum between 1783 and 2008. 
  
Year  Average Discharge (m
3s
-1)  Source 
1982-2005  5.30  Natural Environment Research 
Council (2008) 
1982  5.33  Westwood (1982) 
1988-1993  3.26  Sylaios (1994) 
1998  5.98  Shi (2000) 
Unknown  3-13  ABP Research and Consultancy 
(2000) 
Year  Average Sediment Concentration (g/m
3)  Source 
Unknown 
0.6-2.4 (based on the correlation between 
other figures apart from this one, these 
figures appear inaccurate) 
ABP Research and Consultancy 
(2000) 
1980-2007  11.9 (+12.32/-2.28)  Environment Agency River Data 
Table 5.7 Average discharge and sediment concentration River Itchen 
5.3.3  Sediment Output: Dredging  
Dredging operations in the Itchen are highly sporadic and occur mainly in the quays and 
wharfs lining the estuary (Townend, 2007). The main areas which are dredged in the Itchen 
Estuary are shown in Figure 5.14. The construction dates of the quays and wharves which 
relate to these dredging activities are listed in Table 5.8. 
A historical timescale of dredging is provided in Appendix 14. Data from Horter (2003a) 
provided  dredge  volumes  for  between  1994  and  2002.  Data  for  the  dredge  volumes 
between 2002 and 2006 was derived from CEFAS records of disposals at sea.  These data 
sets  were  used  to  quantify  the  volume  of  sediment  removed  from  the  Itchen  Estuary 
through maintenance dredging between 1994 and 2006, as presented in Table 5.9. Figure 
5.15 shows how dredge requirements were dispersed within the estuary, as can be seen Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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the largest dredge demand was from Saxon Wharf and Shamrock Quay. As can be seen in 
Appendix 16 the natural form of the estuary had a greater volume of mudflat on the west 
side  of  the  estuary  before  activities  such  as  land  claim  reduced  the  volume.  Therefore 
accretion in this part of the estuary shows attempts of the estuary to regain its natural 
regime with the dredged areas acting as a sediment sink. 
The total volume of sediment dredged from the Itchen Estuary between 1994 and 
2008 was about  136, 230m
3, an average of 11,350m
3 per annum (CEFAS, 2006 and 
Horter (2003)).  
To represent the volume of dredging required in the Itchen Estuary for the period of time 
before historic records of dredging were available the construction date of each quay or 
wharf and the average maintenance dredge volume for that quay or wharf were taken as an 
indicator (Table 5.9). This was deemed acceptable due to the lack of historic data meaning 
this was the best available evidence and due to the large error associated with the dredge 
values  meaning  changes  associated  with  vessel  size  would  be  taken  into  account.  The 
majority of the marinas on the estuary were constructed in the 1800s therefore the Itchen 
Estuary, unlike the Hamble Estuary has experienced a much longer period of disturbance. 
Together with the CEFAS records, data from Horter (2003) and the derived data the dredge 
volumes by epoch for the Itchen were calculated, these are presented in Table 5.9. As with 
the Hamble Estuary the dredging requirements on the Itchen Estuary have remained fairly 
constant over the past 50 years meaning the pressure from dredging on the estuary has 
been sustained for some time. 
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Figure 5.14 Location and dates of construction of wharf and quay on the Itchen Estuary 
(refer to Table 5.8 for references). 
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Development  Year  Source 
Halmatic Vosper Thorneycroft  1904  This was the year Thornycroft located to 
Woolston, the company was renamed after a 
merger (Hamilton, 2009) 
Merlin Quay  1965  Earliest appeared on OS map 
Northam Iron Works Wharfs  1840  (University de Rennes & INSA France and 
Alterra The Netherlands., 2000) 
Ocean Quay  1895  (Marden, 2010) 
Saxon Wharf  1840  The wharf was opened as Saxon Wharf in 
2000 (MDL Marinas, 2011) however it was 
previously part of Northam Iron works (OS 
map) 
Shamrock Quay  1931  (Cowes Online, 2011) 
Portsmouth Sewage Treatment 
Works 
1930s  (Southampton Archives Services, 2001) 
Table 5.8 Construction dates of developments associated with dredging requirements 
Itchen Estuary 
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Figure  5.15  Dredging  Volume  History  for  Individual  Quays  and  Wharfs  on  the  Itchen 
Estuary 1994 to 2006. Data from Horter (2003) for 1994 to 2002 and CEFAS data for 2002 
to 2006. 
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 Period  Maintenance Dredging  Error (Plus)  Error (Minus) 
2001-2008  9.9  4.9  4.9 
1996-2001  11.0  5.5  5.5 
1976-1996  8.4  4.2  4.2 
1965-1976  11.4  5.7  5.7 
1947-1965  11.0  5.5  5.5 
1932-1947  11.0  5.5  5.5 
1911-1932  7.0  3.5  3.5 
1894-1911  6.1  3.0  3.0 
1783-1894  2.4  1.2  1.2 
Table 5.9 Maintenance dredging volumes by epoch for the Itchen Estuary (x10
3m
3) at an 
assumed density of 1,300kg/ m
3as derived from Horter (2003) for 1994 to 2002 and CEFAS 
data for 2002 to 2006.  
5.3.4  Change in Storage/ Estuary Morphology- Salt marsh, mudflat and channel 
The change in the sediment stores between 1783 and 2008 are presented in a table and a 
series of maps to indicate both the epoch and location the change (Appendix 15-25). As 
with the Hamble Estuary to make it clear where there had been change between the epochs 
the maps and tables were coloured. The channel, salt marshes or mudflats were coloured 
green  where  changes  were  within  the  range  of  data  error,  blue  where  accretion  had 
occurred  and  red  where  erosion  had  occurred  (the  method  of  error  calculation  was 
presented in Chapter 4.4). Areas which had been land claimed were coloured purple.  The 
error  associated  with  heights  outlined  in  Chapter  4.4.1  determined  whether  there  was 
significant change in the depth of sediment in the channel. The changes were related to 
probable pressures on the Itchen Estuary from literature review presented in Chapter 3 and 
from evidence provided by historic maps. The overall change in the Itchen Estuary between 
1783 and 2008 is presented in Table 5.10 and Figure 5.16 to Figure 5.22.  
As highlighted in Table 5.8 the Itchen Estuary was influenced by the development of the 
wharf and quay development from 1840. Between 1783 and 2008 the overall change in 
area  and  volume  of  the  channel were  within  error  ranges  however  the  minor  increases 
shown  could  have  been  related  to  dredging  for  navigational  access  to  the  quays  and 
wharfs (Table 5.10). The average height decrease of the channel could have been related to 
the accretion of the channel in the upper reaches of the estuary and north of Northam with 
sediment possibly derived from the eroding intertidal areas. 
The main cause of the decline in the intertidal sediment was through land claim activities 
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development  (Table  5.10  and  Figure  5.16)  and  resulted  in  the  immobilisation  of  15.1 
(+2.7/-2.6) x10
6m
3 of mudflat and 5.6 (+2.6/-1.9) x10
6m
3 of salt marsh between 1783 and 
2008.                        
Between 1783 and 2008 there was a decline in salt marsh and mudflat area and volume 
excluding land claim outside the range of error (Table 5.10) as a result of a combination of 
S.anglica dieback and erosion as a result of dredging.  
Between 1783 and 1894 there was an increase in salt marsh from a volume of 3.4 (+1.6/-
1.1) x 10
6m
3 to 8.8 (+1.8/-3.1) x 10
6m
3, as with the Hamble this was probably a result of the 
spread of S. anglica in the estuary and related to the sighting of Spartina alterniflora Lois. 
in the Itchen estuary during this epoch (Marchant 1967; Ainouche et al. 2004) (Appendix 
15).  
From  1894  to  1932  there  were  signs  of  die-back  of  S.anglica  on  the  estuary,  with  a 
decrease in salt marsh area and volume and increase in mudflat area and volume. There 
was no significant change in channel depth during this period indicating that the decline 
was not associated with dredge activities within the estuary (Appendix 15). Additionally 
frontal erosion of the mudflat and salt marsh could have been attributable to draw down of 
material  following  capital  dredge  activity  in  the  Main  Channel between  1911  and 1932 
(Appendix 18).  
Between 1932 and 1947 there was accretion of the salt marsh and mudflat in the upper 
reaches of the estuary, this could have related to the availability of sediment from eroding 
marshes further down the estuary being transported up shore (Appendix 19). 
Between  1965  and  1976  there  was  deepening  of  the  channel  in  association  with  the 
development of wharves and quays on the estuary, this also resulted in the erosion of the 
intertidal sediments (Appendix 21). From 1976 to 2008 there was then a decrease in the 
volume of both the channel and intertidal sediment decline indicating a re-stabilisation of 
the estuary (Appendix 22 to Appendix 24). 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
Overall 
change 
1783-
2008 
Morphology (from map 
comparison)  Figure 5.18 to 
Figure 5.22 
Channel migration from 
east to west in upper 
reaches. Channel 
deepened and widened 
round wharves. Some 
areas of channel accretion 
on inside bends of 
channel. 
Mudflat area decreased. 
Mudflat area increased 
in upper reaches.  
Decrease in salt 
marsh area 
Salt marsh area, volume and average height 
decreased through S. anglica dieback 
predominately between 1911 and 1932 (following 
an increase in salt marsh area from S.anglica 
colonisation between 1783 and 1894 from a 
volume of 3.4 (+1.6/-1.1) to 8.8 (+1.8/-3.1)). 
 
Mudflat volume decreased this was despite 
S.anglica die-back releasing sediment from salt 
marsh to mudflats from 1911. The frontal erosion 
of mudflat indicates that mudflat was removed for 
navigational purposes through direct dredging 
or slumping of the intertidal in to dredged 
channels.  
 
The decrease in salt marsh and mudflat areas and 
volumes resulted in a decrease in the average 
depth of the channel. However there was not a 
decrease in channel areas or volumes outside the 
range of error, this shows that material eroded 
from the intertidal habitats was largely removed 
from the estuary. The dredging associated with 
wharf and quay development could have led to 
direct removal. There could have also been draw 
down of material in to the Main Channel 
following capital dredge activity as channel 
changes in various epochs showed a decrease in 
the channel depths coinciding with major dredging 
activity in the Main Channel (e.g. between 1911 
and 1932). 
 
Cumulative land claim immobilised large volumes 
of mudflat in particular as well as salt marsh and 
channel as a result of rail development, 
urbanisation, the development of wharves and 
agricultural development.  
Topography (taken as mean 
height above -20.47m)  
(heights given in m) 
Decreased in depth from 
11.1 (+/-0.5) to 16.5 (+/-
0.1). The sediment in the 
channel i.e. accreted by 
5.4 (+/-0.5). 
No change outside of 
range of error (from 19.6  
(+/-0.1) to 19.7  (+/-0.1)) 
Decreased in height 
from 22.4  (+/-0.1) to 
22.0 (+/-0.1) 
Area (areas given in x 10
5m
2)  No change in area 
outside of range of error  
(from 5.1 (+2.2/-1.5) to  
6.8 (+1.4/-1.1)) 
Decreased in area from 
14.3 (+/-2.5) to 6.3 (+/-
1.2) 
Decreased in area 
from 1.6 (+0.7/-0.5) to 
0.04 (+/-0.02) 
Volume Sediment Stored 
(volumes given in x 10
6m
3) 
Figure 5.18, Figure 5.20 and 
Figure 5.22 
No change outside of 
range of error (from 8.7 
(+4.2/-2.9) 
 to 11.5 (+2.6/-
1.9))  
Decreased in volume 
from 28.1 (+5.0/-4.8) to 
12.5 (+2.3/-2.4) 
Decreased in volume 
from 3.4 (+1.6/-1.1) to 
0.09 (+/-0.07) 
Volume Immobilised (Land 
Claim) (volumes given in x 
10
6m
3) Figure 5.16 
2.0 (+/-0.1)  15.1 (+2.7/-2.6)  5.6 (+2.6/-1.9) 
Table 5.10 Itchen Estuary overall morphological change 1783-2008 
Land claim is shown in purple; an increase outside the error range in blue and a decrease outside the range of error in pink and no change 
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Figure 5.17 Itchen Estuary Sediment Store Change 1783-2008- Channel 
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Figure 5.18 Itchen Estuary Channel Volume Change 1783-2008.  
Land claim activities are shown in purple; the pink lines indicate where capital dredging events occurred.Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.19 Itchen Estuary Sediment Store Change 1783-2008- Mudflat References: 1. 
(Southampton Archives Services, 2001), 2. (University de Rennes & INSA France and Alterra 
The Netherlands., 2000) 3. (MDL Marinas, 2011) 4.(Cowes Online, 2011) 5. (Marden, 2010) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.20 Itchen Estuary Mudflat Volume Change 1783-2008  
Land claim activities are shown in purple, pink shows possible causes for erosion and blue possible causes for accretion.Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.21 Itchen Estuary Sediment Store Change 1783-2008- Salt marsh References: 1. 
(Southampton Archives Services, 2001), 2. (University de Rennes & INSA France and Alterra 
The Netherlands., 2000) 3. (MDL Marinas, 2011) 4.(Cowes Online, 2011) 5. (Marden, 2010)Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.22 Itchen Estuary Salt Marsh Volume Change 1783-2008 
Land claim activities are shown in purple, pink shows possible causes for erosion and blue possible causes for accretion. 
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5.3.5  Itchen Estuary Sediment Budget 
The components of the sediment budget as outlined over chapters 5.3.2 to 5.2.4 are as 
follows: 
River Input + Change in Sediment Stores (Channel and Intertidal) – Dredging Output + 
Sediment  Immobilised  by  Land  Claims  =  Marine  Exchange  (Equation  5-2  Itchen 
Estuary Mass Balance Equation)  
The  sediment  budget  for  the  Itchen  Estuary  between  1783  and  2008  is  presented  in 
Appendix 25. Figure 5.23 shows the change in the volume of sediment required to balance 
the sediment over time.   
As stated in Chapter 5.3.4 and displayed in Figure 5.16 land claim immobilised the largest 
volume of sediment from the sediment budget. For ease of interpreting patterns in the 
change  in  the  sediment  stores  in  relation  to  other  pressures  Figure  5.24  shows  the 
deviation  in  the  contribution  of  the  various  components,  excluding  land  claim,  of  the 
sediment budget of the estuary between 1783 and 2008 to the mass balance. 
Figure 5.23 shows that between 1783 and 2008 the demand for sediment by the Itchen 
Estuary to balance its sediment budget increased. As found in the Hamble Estuary during 
this time the change in the demand for marine sediment to balance the sediment budget 
directly corresponded to the sediment demands of the intertidal habitats.  
The periods in which the demand for marine sediment to balance the sediment budget 
declined related to the dieback of large areas of S.anglica marsh which released sediment 
in to the system (1894-1932) and years in which dredges associated with wharf and quay 
developments encouraged the erosion of salt marshes and mudflats (1965-1976). 
In  the  epochs  following  the  end  of  large  dredge periods  both  between  1932-1947  and 
1996-2001 there was both channel and intertidal accretion with an increase in the demand 
for marine sediment to balance the sediment budget indicating that the estuary acted as a 
sediment sink. 
The overall changes in sediment demands during these periods indicate that, as found on 
the Hamble Estuary: 
1)  Input of sediment from rivers to the Itchen Estuary sediment budget was negligible. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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2)  The demand for sediment from marine exchange to balance the sediment budget 
was directly related to the demand for sediment from intertidal stores. 
3)  Dredging  directly  removed  sediment  stored  in  the  channel  and  resulted  in  the 
destabilisation of the intertidal habitats between 1965 to 1976 and 1911 to 1932. 
In  the  years  following  large  dredging  activities  however  the  estuary  became  a 
sediment sink and encouraged the accretion of the channel and intertidal habitats. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 187- 187 -- 
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Figure 5.23 Average annual volume of sediment required from marine exchange to balance the Itchen Estuary sediment budget 1894 
to 2008 Blue shows periods where there was an increase in the sediment demand and pink a decrease in the sediment demand to 
balance the sediment budget from marine sources.   
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Figure 5.24 Deviation in the components of the Itchen Estuary sediment budget between 1783 and 2008. Blue shows periods where 
there was an increase and pink a decrease in the sediment demand to balance the sediment budget from marine sources. The error 
associated with these figures is shown in Appendix 25, not shown to simplify trend comparisonElizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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5.3.6  Itchen Estuary Equilibrium State  
The ratio of average intertidal flat height to tidal range (H
f/H), intertidal flat area to basin 
area (A
f/A
b) and channel volume and tidal prism (V
c/P) are expected to be approximately 
constant when an estuary is in dynamic equilibrium (Rossington 2008). The ratios which 
indicate equilibrium state of the mudflats and channels were calculated from historic data 
as shown in Table 5.11. 
The ratio of H
f/H has remained stable since 1783 indicating that the Itchen Estuary is in 
equilibrium  state.  There  was  a  decrease in  ratio  of  A
f/A
b  between  1783  and 1894; this 
coincided with when there was a colonisation of mudflat with S. anglica as this decreased 
the  intertidal  flat  area  in  relation  to  the  basin  area.  The  ratio  of  A
f/A
b  then  stabilised 
between 1894 and 1911 indicating a re-established equilibrium state. Between 1932 and 
1965 there was an increase in the ratio again as intertidal sediment eroded. Since 1976 the 
ratio of A
f/A
b remained at around 0.5 indicating a redefined equilibrium state. This was 
largely because by 1976 very little salt marsh remained in the estuary so any erosion made 
only a small impact on any change in intertidal flat area.  
The ratio of V
c/P altered between 1783 and 1894 from 0.3 to 0.4 due to the land claim of 
salt  marsh  and mudflats  for  urbanisation  which  reduced  the tidal  prism.  The ratio was 
altered  again  between  1965  and  1976  when  the  channel  volume  increased  due  to  the 
deepening around wharves. Since 1976 the ratio has remained at 0.9 indicating that the 
channel volume has significantly increased and the tidal prism reduced through land claim 
which resulted in a new equilibrium state. 
5.3.7  Itchen Estuary Results Summary 
The main changes in the Itchen Estuary between 1783 and 2008 are summarised in Table 
5.12. Between 1783 and 2008 the Itchen Estuary has been influenced by land claim,  S. 
anglica  growth  and  dieback,  and  channel  deepening  associated  with  wharf  and  quay 
development. The change in the equilibrium state of the estuary during the study period 
indicates  that  anthropogenic  and  natural  changes  in  the  Itchen  have  resulted  in  the 
establishment of a new equilibrium state. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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 Year 
Intertidal Flat 
Height (m) 
  
LAT (m below 
ODN) 
Intertidal 
Flat Height 
above LAT 
(m) (Hf) 
H 
Tidal 
Range 
(m) 
Hf/H 
Intertidal 
Flat Height/ 
Tidal range 
1783  -0.90  2.62  1.72  4.65  0.4 
1894  -0.67  2.62  1.95  4.65  0.4 
1911  -0.70  2.61  1.92  4.65  0.4 
1932  -0.74  2.60  1.85  4.65  0.4 
1947  -0.68  2.58  1.91  4.65  0.4 
1965  -0.64  2.76  2.12  4.82  0.4 
1976  -0.94  2.97  2.02  5.19  0.4 
1996  -0.79  2.70  1.90  4.79  0.4 
2001  -0.71  2.85  2.14  5.16  0.4 
2008  -0.74  2.78  2.04  4.97  0.4 
 
 Year  Intertidal Flat Area (x 
10
6m
2) 
Basin Area (x 
10
6m
2) 
Af/Ab Intertidal flat 
area/ Basin Area 
1783  1.44  2.14  0.7 
1894  0.71  1.68  0.4 
1911  0.68  1.64  0.4 
1932  0.83  1.55  0.5 
1947  0.84  1.54  0.6 
1965  0.81  1.42  0.6 
1976  0.69  1.39  0.5 
1996  0.66  1.37  0.5 
2001  0.63  1.35  0.5 
2008  0.63  1.35  0.5 
 
 
         Vc/P 
 Year  Channel Volume (x 10
6 
m
3) 
Tidal Prism (x 10
6 
m
3) 
Channel Volume/ Tidal 
Prism 
1783  8.69  31.48  0.3 
1894  9.35  22.96  0.4 
1911  9.64  21.16  0.5 
1932  10.10  24.10  0.4 
1947  9.96  18.41  0.5 
1965  9.79  17.48  0.6 
1976  11.98  13.44  0.9 
1996  11.93  13.01  0.9 
2001  11.72  12.51  0.9 
2008  11.47  13.13  0.9 
 
Table 5.11 Summary of key changes in the Itchen Estuary between 1783 and 2008 as 
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Reach  Energy Dispersal 1783, 1926 
and 1996 (Townend & Dun, 
2000) 
Morphology  Sediment Budget  Dynamic Equilibrium 
Itchen  Little change between 1783 and 
1926, followed by a significant 
move towards the most 
probable state in the period to 
1996. Changes a magnitude 
smaller than on the Test 
suggesting an earlier move to 
the probable state, followed by 
a localised move away in the 
reach 3 to 5 km from the head. 
Large volumes of sediment have been 
immobilised through land claim reducing 
the area of salt marsh and mudflats.  
Spread of S. anglica in 1800s resulted 
in spread of salt marsh which colonised 
upper mudflats. Between 1911 and 
1932 there was extensive die-back of S. 
anglica. By 2008 little salt marsh 
remained. 
There has been an increase in channel 
depth throughout the study period, 
associated with quay and wharf 
development. 
Between 1783 and 2008 the demand for 
sediment by the Itchen Estuary to balance 
its sediment budget has increased.  
Sediment demands were caused by the 
growth of S. anglica and years following 
capital dredges where the estuary acted as 
a sediment sink. 
Net export of sediment related to the 
dieback of large areas of S.anglica marsh 
and capital dredges encouraging the 
erosion of salt marsh. 
The dynamic equilibrium of the estuary has 
changed over time to adjust to new pressures 
on the estuary. The first change was between 
1783 and 1894 due to the combination of land 
claim altering the tidal prism and the decrease 
in mudflat area due to the colonisation of 
S.anglica. The second was between 1932 and 
1965 due to possible draw down of sediment 
in to the main channel following dredge 
activities and the last was between 1965 and 
1976 due to wharf and quay development. 
Between these changes there was a 
stabilisation of the equilibrium indicators 
indicating that the equilibrium state had 
altered. 
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5.4  River Test 
As summarised in Table 3.4 and shown in Figure 3.5 the limits of the Test Estuary reach 
are the tidal limit of the Test Estuary just north of Redbridge, about 7.6km from Dockhead 
to  start  of  Western  Docks.  The  natural  form  of  the  estuary  is  a  shallow  channel  with 
extensive intertidal flats. The Test Estuary has been heavily influenced by the development 
of the Western Docks 1927-1936 and Prince Charles Container Terminal 1967-77 through 
land claim and dredging. 
5.4.1  Energy Dispersal 
Townend and Dun (2000) found that there was little change in energy distribution between 
1783 and 1926, followed by a significant move towards the most probable state in the 
period to 1996, this is probably related to the reduction in tidal volume caused by the 
construction of the Western Docks in Southampton during this time. 
 
 
Figure 5.25 Changes in the energy distribution in the Test Estuary 1783-1996 (Townend & 
Dun, 2000) 
5.4.2  Sediment Input: River Input 
Historical data from the Natural Environment Research Council (2008) of long term river 
flow  and  sediment  input  from  the  River  Hamble  and  data  found  from  literature  review 
indicated that there had not been a significant change in sediment discharge from the river Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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over the study period (Table 5.13). This agreed with sediment sampling data provided by 
the  Environment  Agency  for  the  River  Test.    There  was  no  long  term  sediment 
concentration data. It was therefore assumed that the sediment input from the River Test 
was the average discharge rate multiplied by the average sediment concentration.  
The sediment input from River Test was
 3,433.08 (+21,627.97/-2,442.68) m
3 per annum 
between 1783 and 2008. 
  
Year  Average Discharge (m
3s
-1)  Source 
1957-2005  11.18  Natural Environment Research Council (2008) 
1982  11.82  Westwood (1982) 
1988-1993  8.82  Sylaios (1994) 
1998  7.43  Shi (2000) 
Unknown  6-37  ABP Research and Consultancy (2000) 
Year  Average Sediment 
Concentration (g/m
3) 
Source 
Unknown  0-15  ABP Research and Consultancy (2000) 
1980-2007  12.65 (+14.15/-5.85)  Environment Agency River Data 
Table 5.13 Average discharge and sediment concentration River Test Dredging Output 
5.4.3  Test Estuary Maintenance Dredging Regime  
The  main  areas  which  are  dredged  in  the  Test  Estuary  are  shown  in  Figure  5.26.  The 
construction dates of the quays and wharves which relate to these dredging activities are 
listed in Table 5.16. 
From a literature review of maintenance dredging in the Test Estuary the only long term 
records were of dredge activity carried out by the port. The records for dredging activity for 
the port spanned across the Test Estuary and Main Channel, however the historical records 
did not differentiate where dredge material was taken from. For the purposes of this study 
a 50/50 split was made to the dredge records to indicate the dredge volume removed from 
the  Main  Channel  and  the  Test  Estuary.  The  reason  for  this  split  was  a  statement  by 
Townend (2007) that dredging in Southampton Water is split almost equally between the 
commercial  berths  and  the  Main  Channel  by  ABP  Southampton.  The  error  ranges 
associated with dredging are large and should take in to account differentiation from this 
split.   
The annual siltation and dredging activities between 1926 and 1965 by the port along 
Southampton  Water  is  given  in  Table  5.14.  The  average  annual  dredging  commitment 
ranged from 420,000 in situ m
3 (1926 to 1939) to 270,000 in situ m
3 (1950 to 1960) to 
cover a dredge area of approximately 1.5 x 10
6 m
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was  reported  by  Wright  et  al.  (1959)  to  be  due  to  siltation  in  the  Main  Channel  being 
reduced through the aligning of the Main Channel with the direction of the dominant ebb 
tidal stream.   
Period  Average Annual Dredge (In situ m
3/yr)  Average Annual Siltation (cm/yr)  
1926-1939  420,000  30 
1939-1950  370,000  27 
1950-1960  270,000  19 
1961-1965  280,000  20 
Table 5.14 Annual siltation and dredging in the dredged area, 1926-1965 (ABP Research & 
Consultancy Ltd, 1995b). 
In the period of 1972-1977, similar average siltation rates were found compared to 1926-
1965, the maximum rates found at the mouth of the Eling Channel (upriver of the Bury 
Swinging Ground) and off Berth 206,  were  0.40 to 0.55 m/yr respectively. During this 
period a considerable loss in depth at Bury Swinging Ground was found which may have 
been related to the Western Docks extension work, the relatively deep channel attracting 
material in suspension. Siltation rates may have been affected by the droughts in 1975 and 
1976, which were followed by prolonged wet weather during 1976. Similarly unscheduled 
dredging was required during 1993 after prolonged rain. The steep design of the interface 
slope between the dredged berth (Berth 206) and the general depths of the Bury Swinging 
Ground was also thought to contribute to heavy siltation (ABP Research & Consultancy Ltd, 
1995b). 
Referring to Table 5.15 which shows ABP dredge volumes, an average of 41% of the annual 
dredging requirement was from the shipping channel and swinging grounds during the 
period of 1985 to 1993, with 36% for the margins to the shipping channel and 23% for the 
berths. During 1985 to 1993 the Western Dock required dredging most years with regular 
dredging required for all swinging grounds, and Lower Hythe and Netley margins. Very 
little dredging was required at the Container Berths, VHT, Queen Elizabeth II Terminal, and 
the shipping channel seaward of the Itchen confluence  (ABP Research & Consultancy Ltd, 
1995b).  
Site of Dredge  Dredged Volumes (1,000 m
3) 
  1985  1986  1987  1988  1989  1990  1991  1992  1993  Total   % 
a) Berths  58.2  55.0  73.7  70.6  26.2  13.4  44.5  75.0  68.4  485.0  23 
b) Shipping Channel 
Swinging Grounds 
88.4 
33.1 
77.9 
30.6 
56.6 
110.7 
84.1 
43.4 
36.7 
19.5 
39.0 
73.1 
- 
- 
68.3 
53.0 
45.8 
1.0 
496.8 
364.4 
24 
17 
c) Margins  122.4  166.6  57.1  58.8  85.9  104.9  -  117.4  48.9  762.0  36 
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Table  5.15  Summary  of  volumes  dredged  1985-1993
  (ABP  Research  &  Consultancy  Ltd, 
1995b) 
Maintenance dredging of the main navigational channel in the Test Estuary is undertaken 
roughly  every  six  months  by  ABP,  with  a  spring  and  autumn  dredging  programme. 
Additional  maintenance  dredging  occurs  at  other  non  ABP  owned  facilities.  These 
maintenance  dredge  campaigns  are  undertaken  by  the  respective  operator  and  are 
licensed by the Marine Management Organisation (MMO) and by ABP in its role as Statutory 
Harbour Authority (ABP, 2011) (Figure 5.26). 
Dredging  methodology  is  dependant  on  the  type  of  material  to  be  dredged.  Generally, 
denser  hard  materials  are  dredged  using  a  backhoe  or  cutter  dredger  and  softer  or 
granular material is removed using a trailing suction hopper dredger (TSHD).  Maintenance 
dredging  activity  generally  comprises  silts  and  sands  with  a  relatively  small  amount  of 
gravels  (Pleistocene  or  Solent  Marine  Shingle).  Unless  a  beneficial  use  is  identified  the 
maintenance dredgings are disposed of at the Nab Tower Disposal Ground (ABP, 2011). 
A historical timescale of dredging is provided in Appendix 26 and Table 5.14. Data for the 
port dredging between 1926 and 1965 was provided by ABP Research and Consultancy 
(1995b); data from Horter (2003a) provided dredge volumes for between 1994 and 2002 
and data for the dredge volumes between 2002 and 2006 were derived from CEFAS records 
of disposals at sea.  To represent the volume of dredging required in the Test Estuary for 
the period of time before historic records of dredging were available the construction date 
of  each  marina  or  port  section  and  the  average  maintenance  dredge  volume  for  that 
development were taken as an indicator. A summary of the quantities of material removed 
from the estuary through maintenance dredging is shown in Table 5.17. 
During the study period maintenance dredging on the estuary increased from a negligible 
volume  between  1783  and  1894  to  an  annual  average  of  45,865  m
3  (+/-22,933)  of 
sediment being removed completely from the estuary system. The majority was associated 
with enabling navigational access to ports and maintaining berths (Figure 5.27). 
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Figure 5.26  Location and dates of construction of wharf and port facilities on the Test Estuary (refer to Table 5.16 for references).Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Development  Year  Source 
ABP Southampton  1927 and 1966  Western Dock 1927 
Prince Charles Container Terminal 1966 
Refer to Table 3.3 for more detail 
Eling Wharf  1894  (First appearance on OS map) 
Southern Water Slowhill  1976  (First appearance on OS map) 
Marchwood Military Port  1960s  (Bradbury et al., 2004) 
Marchwood Wharf  1965  (First appearance on OS map) 
Table  5.16  Construction dates of developments associated with d redging requirements 
Test Estuary 
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Figure 5.27 Dredge Volumes Total 1994-2006 (the figure for ABP includes dredge volumes 
for Main Channel). Data from Horter (2003) for 1994 to 2002 and CEFAS data for 2002 to 
2006.  
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 Period  Maintenance Dredging  Error (Plus)  Error (Minus) 
2001-2008  321.1  160.5  160.5 
1996-2001  149.0  74.5  74.5 
1976-1996  345.2  172.6  172.6 
1965-1976  148.3  74.1  74.1 
1947-1965  109.0  54.5  54.5 
1932-1947  198.0  99.0  99.0 
1911-1932  50.3  25.2  25.2 
1894-1911  1.4  0.7  0.7 
1783-1894  0.01  0.005  0.005 
Table 5.17 Maintenance dredging volumes by epoch for the  Test Estuary (x10
3m
3) at an 
assumed density of 1,300kg/ m
3 as derived from data for the port dredging between 1926 
and  1965  was  provided  by  ABP  Research  and  Consultancy  (1995b);  data  from  Horter 
(2003a) provided dredge volumes for between 1994 and 2002 and data for the dredge 
volumes between 2002 and 2006 were derived from CEFAS records of disposals at sea.   
 
5.4.4  Change in Storage/ Estuary Morphology- Salt marsh, mudflat and channel 
The change in the sediment stores between 1783 and 2008 are presented in a table and a 
series of maps to indicate both the epoch and location of the change (Appendix 27 to 
Appendix 36). As with the Hamble and Itchen estuaries to make it clear where there had 
been change between the epochs the maps and tables were coloured. The channel, salt 
marshes or mudflats were coloured green where changes were within the range of data 
error, blue where accretion had occurred and red where erosion had occurred. Areas which 
had  been  land  claimed  were  coloured  purple  (the  method  of  error  calculation  was 
presented in Chapter 4.4).  The error associated with heights outlined in Chapter  4.4.1 
determined whether there was significant change in the depth of sediment in the channel. 
The changes were related to probable pressures on the Test Estuary from literature review 
presented in Chapter 3 and from evidence provided by historic maps. The overall change in 
the Test Estuary between 1783 and 2008 is presented in Table 5.18 and from Figure 5.28 
to Figure 5.34.  
As  can  be  seen  in Appendix 28 and Appendix 29 which show the state of the estuary 
between 1783 and 1911 the estuary channel was naturally narrow with extensive mudflats 
and salt marsh lining the estuary. As highlighted in Appendix 30 to Appendix 34 the Test 
Estuary  was  heavily  influenced  by  port  development  in  the  form  of  the  Western  Docks 
development between 1927 and 1936 and the development of the Prince Charles Container 
Terminal between 1966 and 1978 (Barton, 1979).  Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Dredging and land claim activities resulted in the complete removal of intertidal sediment 
on  the  eastern  side  of  the  channel  in  the  Test  Estuary  by  2008  and  widening  of  the 
channel. Between 1793 and 2008 the average depth of the channel increased by 6.3 (+/-
0.5) m, and the volume of the channel increased by 10.5 (+5.7/-5.1) x 10
6m
3. Land claim 
activities were the biggest cause for change on the Test Estuary. A combined volume of 
88.6  (+9.9/-6.6)  x  10
6m
3  was  immobilised  from  the  channel,  salt  marsh  and  mudflat 
sediment stores between 1783 and 2008 through urbanisation and port development.  
Between 1783 and 2008 there was a decline in salt marsh and mudflat area and volume 
outside the range of error (Table 5.18). Unlike on the other parts of Southampton Water 
the influence of S.anglica colonisation was not apparent till between 1932 and 1947 when 
a  large  area  of  mudflat  was  converted  to  salt  marsh  (Appendix  31),  this  followed  the 
construction of the Western Docks indicating that the increased shipping activity was likely 
to have resulted in the transport of propagules from elsewhere in Southampton Water to 
the Test Estuary. The erosion of this salt marsh then commenced in the following epoch 
(Appendix 32), a possible cause of which was S.anglica dieback as reported in other parts 
of Southampton Water. Another possible cause or combined cause was a draw down of 
intertidal material into dredged channels.  
 
Both  the  mudflat  and  salt  marsh  were  experiencing  frontal  erosion  between  1894  and 
1911 (Appendix 29) before it appears that S.anglica was introduced to the Test Estuary 
and corresponded with an increase in channel depths towards the entrance to Eling Wharf. 
There was evidence of further frontal erosion of salt marsh and mudflat between 1965 and 
1996 (Appendix 33 and Appendix 34) following capital dredges associated with improving 
access  to  the Prince Charles  Container Terminal,  though  some of this could have been 
through direct removal associated with dredging activities. 
 
There was accretion of the channel in areas where dredging activity occurred in a previous 
epoch,  for  example  the  military  port  was  deepened  in  1996-2001  (Appendix  35)  and 
experienced accretion in 2001-2008 (Appendix 36), this shows that dredged areas acted as 
a sediment sink and would return to previous depths if given sufficient time. 
 
 
 
 Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 200- 200 -- 
Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1783-
2008 
Morphology (from map 
comparison) Figure 
5.28 to Figure 5.34 
Channel deepened from 
Marchwood to Container 
Terminal. Upper reaches 
show signs of accretion and 
adjacent to main dredged 
channel at Western Dock. 
Large areas of mudflat 
immobilised through land claim. 
Loss of mudflat along length of 
dredged channel. Mudflat 
accretion where salt marsh 
eroded. 
Areas of salt marsh 
immobilised through land claim. 
Loss of salt marsh along turning 
circle for container ships and 
access to Southern Water 
Slowhill. Mudflat accretion 
where salt marsh eroded. 
Two major developments -The development of 
the Western Docks between 1927 and 1934 
(ABP Research and Consultancy 1995d) the 
Prince Charles Container Terminal between 
1966 and 1978 (ABP Research & Consultancy 
Ltd, 1995d) resulted in the deepening of the 
channel and widening of the channel as well as 
direct immobilisation of channel, salt marsh and 
mudflat sediment.  
 
There was frontal erosion of the salt marsh and 
mudflats nearest to the dredged channel possibly 
through slumping of intertidal sediment in to 
the dredged channel or direct removal through 
dredging for example the straightening of the 
channel to the Western Docks.  
 
S.anglica growth and then die-back resulted in the 
accretion and subsequent decline of salt marsh 
also, however this occurred later than in other 
parts of the estuary and indicates the role of 
shipping in transporting propagules 
Topography (taken as 
mean height above -
20.47m)  (heights given 
in m) 
Increased in depth from 
16.7(+/-0.5) to 10.4 (+/-
0.1)). The sediment in the 
channel i.e. decreased by 
6.3 (+/-0.5). 
Increased in height from 19.7  
(+/-0.1) to 20.1  (+/-0.1) 
Increased in height from 21.9  
(+/-0.1) to 22.2 (+/-0.1) 
Area (areas given in x 
10
5m
2) 
Increased in area from 
14.8 (+4.8/-3.8) to 24.9 
(+3.6/-1.6) 
Decreased in area (from 51.8 
(+5.8/-3.9) to 8.8 (+2.4/-1.5) 
Decreased in area from 12.0 
(+2.5/-3.0) to 3.2 (+0.6/-0.5) 
Volume Sediment 
Stored (volumes given 
in x 10
6m
3) Figure 5.30, 
Figure 5.32 and Figure 
5.34 
Increase in volume of 
channel from 8.6 (+4.1/-3.1) 
 
to 19.1 (+4.0/-4.1) therefore 
sediment stored in 
channel decreased by 
10.5 (+5.7/-5.1) 
Decreased in volume (from 
101.7 (+11.3/-7.6) to 17.8 
(+4.9/-3.1)  
Decreased in volume from 26.3 
(+5.5/-6.6) to 7.0 (+1.3/-1.2) 
Volume of Sediment 
Immobilised through 
Land Claim (volumes 
given in x 10
6m
3) Figure 
5.28 
10.2 (+3.7/-2.9)  56.3 (+6.3/-4.2)  22.1 (+4.6/-5.5) 
Table 5.18 Test Estuary overall morphological change 1783-2008 
Land claim is shown in purple; an increase outside the error range in blue and a decrease outside the range of error in pink. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.28 Test Estuary Sediment Store Change 1783-2008- Land Claim Mudflat and 
Salt MarshElizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 202- 202 -- 
 
Figure 5.29 Test Estuary Sediment Store Change 1783-2008- Channel Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.30 Test Estuary Channel Volume Change 1783-2008  
Land claim activities are shown in purple; the pink lines indicate where capital dredging events occurred. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.31 Test Estuary Sediment Store Change 1783-2008- Mudflat. References 1) (Southampton City Council, 2007), 2) (Bradbury et al., 
2004),3) (New Forest District Council (NFDC), 2004), 4) (ABP Research & Consultancy Ltd, 1995a) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 205- 205 -- 
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Figure 5.32 Test Estuary Mudflat Volume Change 1783-2008  
Land claim activities are shown in purple, pink shows possible causes for erosion and blue possible causes for accretion. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.33 Test Estuary Sediment Store Change 1783-2008- Salt marsh. References 1) (Southampton City Council, 2007), 2) (Bradbury et al., 
2004),3) (New Forest District Council (NFDC), 2004), 4) (ABP Research & Consultancy Ltd, 1995a) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.34 Test Estuary Salt Marsh Volume Change 1783-2008 
Land claim activities are shown in purple, pink shows possible causes for erosion and blue possible causes for accretion. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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5.4.5  Test Estuary Sediment Budget 
The components of the sediment budget as outlined over chapters 5.4.2 to 0 are as 
follows: 
River  Input  +  Change  in  Sediment  Stores  (Channel  and  Intertidal)  –  Dredging 
Output  + Sediment Immobilised by Land Claims = Marine Exchange (Equation 
5-3 Test Estuary Mass Balance Equation)  
The sediment budget for the Test Estuary between 1783 and 2008 is presented in 
Appendix 37. Figure 5.35 shows the change in the volume of sediment required to 
balance the sediment budget over time.   
As  stated  in  Chapter  0  and  displayed  in  Figure  5.28  land  claim  immobilised  the 
largest  volume  of  sediment  from  the  sediment  budget.  For  ease  of  interpreting 
patterns in the change in the sediment stores in relation to other pressures Figure 
5.36  shows  the  deviation  in  the  contribution  of  the  various  components  of  the 
sediment budget of the estuary to the mass balance between 1783 and 2008. 
Figure 5.35 shows that between 1783 and 2008 the demand for sediment by the Test 
Estuary  to  balance  its  sediment  budget  increased.  Figure  5.36  shows  that  major 
dredging activities during the study period directly removed sediment stored in the 
channel and resulted in the destabilisation of the intertidal habitats. The increase of 
intertidal  sediment  to  the  sediment  budget  is  apparent  between  1911  and  1932 
related to the capital dredge of the Western Docks and between 1965 and 1976 in 
relation to the Prince Charles Container Terminal.  
Prior  to  the  development  of  the  Prince  Charles  Container  Terminal  development 
between 1947 and 1965 there was almost a balance of sediment being exported and 
imported  in  to  the  estuary  indicating  that  the  estuary  had  adapted  to  a  new 
equilibrium  state  following  the  development  of  the  Western  Docks  and  that  the 
development  of  the  container  terminal  then  placed  an  additional  pressure  on  the 
estuary which altered the sediment budget again. 
In the years following large dredging activities the estuary became a sediment sink 
and encouraged the accretion of the channel and intertidal habitats. This occurred 
between 1932 and 1947 and from 1996 to 2008 where there was an increase in the 
marine sediment input required to balance the sediment budget. Between 1932 and 
1947 salt marsh accretion was also encouraged by the spread of S.anglica. 
The overall changes in sediment demands during these periods indicate that: Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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1)  Input of sediment from the River Test was negligible 
2)  Capital dredging results in the destabilisation of intertidal sediment stores. 
3)  Following a capital dredge the dredged channel acts as sediment sink placing 
a  demand  for  marine  sediment  to  balance  the  sediment  budget. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.35 Average annual volume of sediment required from marine exchange to balance the Test Estuary sediment budget 1894 to 2008. 
Blue shows periods where there was an increase in the sediment demand and pink a decrease in the sediment demand to balance the sediment 
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Figure 5.36 Deviation in the components of the Test Estuary sediment budget between 1783 and 2008. Blue shows periods where there was an 
increase and pink a decrease in the sediment demand to balance the sediment budget from marine sources. The error associated with these 
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5.4.6  Test Estuary Equilibrium State  
The ratio of average intertidal flat height to tidal range (H
f/H), intertidal flat area to 
basin  area  (A
f/A
b)  and  channel  volume  and  tidal  prism  (V
c/P)  are  expected  to  be 
approximately constant when an estuary is in dynamic equilibrium (Rossington 2008). 
The  ratios  which  indicate  equilibrium  state  of  the  mudflats  and  channels  were 
calculated from historic data as shown in Table 5.19. 
The ratio of H
f/H increased between 1783 and 2008, in 1783 it was 0.4, between 
1894 and 1932 it was 0.3; from 1947-1965 it was 0.4 then between 1976 and 2008 it 
was  0.5.  This  shows  that the intertidal flat height is increasing compared to tidal 
range. From comparing map data to these changes (Appendix 32 and Appendix 34) it 
appears in these years there was accretion of salt marsh to form mudflat which could 
have led to a heightening of the flat height. 
There was also a decrease in ratio of
 A
f/A
b between 1783 and 2008; this showed that 
there was a lower ratio of intertidal flat to basin area in 2008 compared to 1783. 
There were a number of land claim activities which reduced the intertidal area over 
the study period. Large areas of intertidal flat were land claimed for the construction 
of the Western Dock between 1927 and 1934 and between 1965 and 1976 there was 
a decrease again as areas of intertidal flat were claimed for the development of the 
Prince Charles Container Terminal. The key dates of change in the ratio were 1947 
when the ratio changed from 0.4 to 0.3; in 1976 when the ratio was at its lowest, 0.2; 
then again in 1996 when the ratio altered to 0.3. The declines in the ratio follow 
major  land  claim  activities.  The  increase  in  the  ratio  since  1996  shows  that  the 
estuary system is attempting to re-establish its more natural form through increasing 
the intertidal flat area. 
During the study period there has been a dramatic change in the ratio of channel 
volume  compared  to  the  tidal  prism  in  the  Test  Estuary.  Large  areas  of  intertidal 
habitats have been land claimed for port development and the channel was deepened 
for  navigational  access.    The  ratio  of  V
c/P  reflects  these  changes  significantly. 
Between  1911  and  1932  the  ratio  of  V
c/P  altered  from  0.15  to  0.50,  and  again 
between 1932 and 1947 to 1.4, this coincides with the construction of the Western 
Docks between 1927 and 1934 which resulted in a decrease in the tidal prism and 
increase in channel volume.   Between 1965 and 1976 the ratio of V
c/P altered from 
1.3  to  2.3,  again  coinciding  with  land  claim  and  dredging  associated  with  port 
development  as  the  Prince  Charles  Container  Terminal  was  constructed  between 
1967  and 1977.  The ratio  has  altered twice more;  once between  1976  and 1996, 
which coincides with the end of the Prince Charles Container Terminal construction 
and the capital dredge between 1994 and 1997; and once between 2001 and 2008, Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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in 2003 and 2005 there were larger than usual maintenance dredge works (Appendix 
26).  During  the  periods  where  there  has  been  a  reduction  in  the  anthropogenic 
influence on the estuary, such as between 1947 and 1965 the ratio of V
c/P steadied 
indicating that the estuary can establish a new equilibrium state in relation to new 
pressures if enough time is given between the pressures altering again. 
  
 Year 
Intertidal 
Flat Height 
(m) 
  
LAT (m 
below 
ODN) 
Intertidal Flat 
Height 
above LAT 
(m) (Hf) 
H 
Tidal 
Range (m) 
Hf/H 
Intertidal Flat Height/ 
Tidal range 
1783  -0.82  2.62  1.80  4.65  0.4 
1894  -1.22  2.62  1.40  4.65  0.3 
1911  -1.14  2.61  1.47  4.65  0.3 
1932  -1.05  2.60  1.54  4.65  0.3 
1947  -0.68  2.58  1.90  4.65  0.4 
1965  -0.63  2.76  2.13  4.82  0.4 
1976  -0.44  2.97  2.53  5.19  0.5 
1996  -0.46  2.70  2.23  4.79  0.5 
2001  -0.38  2.85  2.47  5.16  0.5 
2008  -0.34  2.78  2.44  4.97  0.5 
 
 Year  Intertidal Flat Area (x 
10
6m
2) 
Basin Area (x 10
6m
2)  Af/Ab Intertidal flat area/ 
Basin Area 
1783  5.18  14.13  0.4 
1894  4.67  10.38  0.5 
1911  4.54  10.64  0.4 
1932  2.34  6.76  0.4 
1947  2.14  7.46  0.3 
1965  1.90  7.37  0.3 
1976  0.86  3.99  0.2 
1996  0.88  3.41  0.3 
2001  0.87  3.49  0.3 
2008  0.88  3.58  0.3 
 
 Year  Channel Volume (x 10
6 
m
3) 
Tidal Prism (x 10
6 m
3)  Vc/P Channel Volume/ 
Tidal Prism 
1783  1.42  14.13  0.1 
1894  1.57  10.38  0.2 
1911  1.63  10.64  0.2 
1932  3.41  6.76  0.5 
1947  10.17  7.46  1.4 
1965  9.55  7.37  1.3 
1976  9.27  3.99  2.3 
1996  15.63  3.41  4.6 
2001  14.94  3.49  4.3 
2008  18.29  3.58  5.1 
Table 5.19 Summary of key changes in the Test Estuary between 1783 and 2008 as 
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5.4.7  Test Estuary Results Summary 
The main changes in the Test Estuary between 1783 and 2008 are summarised in 
Table 5.20. Between 1783 and 2008 the Test Estuary has been influenced by land 
claim, S. anglica growth and dieback, and channel deepening associated with port 
development. The change in the equilibrium state of the estuary during the study 
period indicates that due to the large anthropogenic influence in the Test Estuary 
associated with port development and continued use the Test Estuary is no longer in 
equilibrium state. The channel volume is too great for the tidal volume. Additionally 
due to the continuing pressures from dredging placed on the estuary time does not 
allow the establishment of a new equilibrium state to be obtained. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Reach  Energy Dispersal 1783, 1926, 
and 1996 (Townend & Dun, 
2000) 
Morphology  Sediment Budget  Dynamic Equilibrium 
Test  Little change between 1783 and 
1926, followed by a significant 
move towards the most probable 
state in the period to 1996, this is 
probably related to the reduction in 
tidal volume caused by the 
construction of the Western Docks 
in Southampton during this time. 
The morphology of the Test Estuary 
has altered dramatically during the 
study period. In 1783 there were 
extensive mudflats and salt marsh 
lining the eastern and western 
shores. Land claim in association 
with the development of the Western 
Dock and Prince Charles container 
terminal have narrowed the channel, 
and removed the salt marsh and 
mudflats on the eastern shore. The 
impact of S.anglica on the estuary 
occurred later than the rest of 
Southampton Water indicating that 
ship activity in association with the 
construction of the Western Dock 
caused its spread. Dieback and the 
pressures of dredging appear to 
have resulted in the erosion of the 
remaining salt marsh and mudflats. 
Between 1783 and 2008 the demand for 
sediment by the Test Estuary to balance its 
sediment budget has increased.  
Sediment demands were caused by the growth 
of S. anglica, managed realignment and years 
in which maintenance dredging volumes were 
large while intertidal accretion took place. 
Net export of sediment related to the dieback of 
areas of S.anglica marsh and capital dredges 
which encouraged the erosion of salt marsh 
and mudflat. 
Large areas of intertidal habitats have been land claimed 
for port development and the channel has been 
deepened for navigational access driving a change in 
equilibrium state since 1932 in relation to the 
development of the Western Dock.  The channel volume 
has become increasingly too large for the tidal prism 
through a combination of land claim and dredging. During 
the periods where there has been a reduction in the 
anthropogenic influence on the estuary, such as between 
1947 and 1965 the ratio of Vc/P steadied indicating that 
the estuary establishes a new equilibrium state in relation 
to new pressures. The continued pressures of dredging 
on the Test Estuary however are set to continue as 
outlined in the Port of Southampton master plan (ABP, 
2010). 
Table 5.20 Test Estuary Changes in Equilibrium State and its components 1783 to 2008Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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5.5  Main Channel 
As summarised in Table 3.4 and shown in Figure 3.5 the limits of the Main Channel reach 
are Calshot Spit to entrance of Hamble and Itchen Estuaries and start of Western Docks. 
The natural form of the estuary is a naturally deep channel with extensive intertidal flats. 
The  Main  Channel  has  been  influenced  by  port  development;  recreational  use; 
urbanisation resulting in extensive land claim on the Eastern Shore and Dibden Bay; and 
channel deepening. Hard defences protect cliff, urban, industrial and port areas. On the 
western and eastern shores of Southampton Water excluding the tributaries there are 
over 3km of hard defence constructed at various times to defend infrastructure such as 
Fawley Power Station (New Forest District Council, 2010a).   
5.5.1  Energy Dispersal 
Townend and Dun (2000) found that there had been a marked move away from the most 
probable state of energy distribution over time, most likely due to channel deepening 
that has taken place in stages over time. There was little change at the mouth of the 
estuary highlighting the validity of the mouth at Calshot being a sustained boundary. 
 
 
Figure 5.37 Changes in the energy distribution in the Main Channel 1783-1996 (Townend 
& Dun, 2000) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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5.5.2  Cliff Input 
Erosion  of  the  cliffs  between  the  Itchen  and  Hamble  estuaries  on  the  Main  Channel 
supply gravel to local beaches but the quantity is small because of the low cliff height 
(Posford Duvivier, 1997b). Townend (2007) estimated the cliff length to be 7 km with an 
average height of 2 m high. These figures were combined with the retreat rate of the 
cliffs to provide an estimate of the mean retreat rates of the cliff on the eastern shore of 
the Main Channel; these are shown in Table 5.21. The average input of sediment from 
cliff retreat per annum was 9,000m
3 between 1783 and 2008; this means that cliff retreat 
contributes a small volume to the overall sediment budget.
  
Epoch  Retreat rate of cliffs 
from maps (m) 
Mean retreat rate 
per annum (m) 
Mean sediment 
input to sediment 
budget per annum 
(x 10
3m
3) 
+/- Error (x 10
3m
3) 
1783-1894  20.32  0.18  2.6  1.5 
1894-1911  10.41  0.61  8.6  5.1 
1911-1932  18.71  0.89  12.4  3.4 
1932-1947  13.31  0.89  12.4  3.7 
1947-1965  23.57  1.31  18.3  2.6 
1965-1976  9.87  0.90  12.6  5.8 
1976-1996  4.54  0.23  3.2  2.9 
1996-2001  3.25  0.65  9.1  6.5 
2001-2008  3.25  0.65  9.1  6.5 
Table 5.21 Mean inputs of sediment from cliff retreat Main Channel 1783-2008 
5.5.3  Dredging Output 
The main areas which are dredged in the Main Channel are shown in Figure 5.38. The 
construction dates of the port facilities and other infrastructure which relate to these 
dredging activities are listed in Appendix 38.  
From a literature review of maintenance dredging in the Main Channel the only long term 
records were of dredge activity carried out by the port. As stated in Chapter 5.4.3 the 
records  for  dredging  activity  for  the  port  spanned  across  the  Test  Estuary  and  Main 
Channel, however the historical records did not differentiate where dredge material was 
taken from. For the purposes of this study a 50/50 split was made to the dredge records Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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to indicate the dredge volume removed from the Main Channel and the Test Estuary. The 
reason for this split was a statement by Townend (2007) that dredging in Southampton 
Water is split almost equally between the commercial berths and the Main Channel by 
ABP Southampton. The error ranges associated with dredging are large and should take 
in to account differentiation from this split.   
The dredge requirements by the port from 1926 are shown in Table 5.14; this was for the 
entire  estuary  including  the  Test  Estuary  and  the  Main  Channel.  Wright  et  al.  (1959) 
highlighted  that  although  the  construction  of  the  docks  in  the  early  1900s  added 
considerable area to the channels and berths that the dredging requirement over the 
enlarged area was less than before the construction of the new docks, this was attributed 
to the engineers carefully considering the natural regime of the estuary whilst designing 
the  docks.  Without  historic  records  of  the  dredging  requirements  before  1926,  it  is 
assumed from this that the dredge requirement was at least that indicated for 1926 by 
ABP Research and Consultancy (1995b) for Southampton Water, taking in to account that 
the Main Channel would only be a proportion of this. 
Maintenance  dredging  of  the  main  navigational  channel  in  Southampton  Water  is 
undertaken  roughly  every  six  months  by  ABP,  with  a  spring  and  autumn  dredging 
programme. Additional maintenance dredging occurs at other non ABP owned facilities 
such as at Fawley Marine Terminal and the BP Terminal. Periodic surveys suggest that if 
all  maintenance  dredging  activities  were  to  cease,  then  Harbour  Authority  under keel 
clearances  for  vessels  currently  at  the  Fawley  Oil  Terminal  and  the  DP  World 
Southampton Container Terminal would be breached in 12 months (ABP, 2011). 
Dredging methodology is dependant on the type of material to be dredged. Generally, 
denser  hard  materials  are  dredged  using  a  backhoe  or  cutter  dredger  and  softer  or 
granular  material  is  removed  using  a  trailing  suction  hopper  dredger  (TSHD).  
Maintenance dredging activity generally comprises silts and sands with a relatively small 
amount  of  gravels  (Pleistocene  or  Solent  Marine  Shingle).  Unless  a  beneficial  use  is 
identified the maintenance dredging are disposed of at the Nab Tower Disposal Ground 
(ABP, 2011). 
Data from ABP Research and Consultancy (1995b) was supplemented by data from Horter 
(2003) for 1994 to 2002 and CEFAS data for 2002 to 2006 to give an historic account of 
dredging  activity  on  Southampton  Water.  As  shown  in  Figure  5.39  the  main  dredge 
activity  was  undertaken  by  ABP  Southampton  for  navigational  access  and to  maintain 
port  facilities.  The  second  largest  dredge  requirement  was  by  ESSO  Fawley  Marine Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Terminal  which  is  located  next  to  an  area  of  land  which  protrudes  from  the  western 
shore.  
The construction dates of the developments were as shown in Table 5.22. To represent 
the  volume  of  dredging  required  in  the  Main  Channel  for  the  period  of  time  before 
historic records of dredging were available the construction date of each marina or port 
section and the average maintenance dredge volume for that development were used to 
calculate an  estimated  maintenance dredge volume.  Given  the large  errors  associated 
with dredging volumes this was deemed an appropriate method given the lack of data.  
The maintenance dredge requirement by epoch is summarised in Table 5.23.   
The  dredging  of  the  Main  Channel  has  occurred  since  1889  when  the  first  recorded 
capital dredge was undertaken. The channel has deepened greater ever since due to the 
demands for navigational access to ever increasing vessels to access port facilities. This 
has resulted in a continuous pressure on the Main Channel as the estuary attempts to 
infill while the channel is maintained or deepened.  
Development  Year  Source 
ABP Southampton 
1836 
1842 
1890 
Eastern Dock 1836 
Port Outer Dock 1842 
Empress Dock 1890 
Refer to Table 3.3 
BP Oil Hamble Terminal  1924  (Pender, 2011) 
Esso Fawley Marine Terminal  1953  (Inchscape Shipping Services, 2011) 
Hythe Marina  1964  (Hythe Marina Association, 2011) 
RAF Hythe  1968-2006  (BBC News, 2006) 
Ocean Village  1986  (Ocean Village, 2011) 
Southern Water Weston Jetty  1932   (First appearance on OS map) 
International Boat Show  1969  (Southampton City Council, 2007) 
Vosper Thornycroft  1911  (First appearance on OS map) 
Table 5.22 Construction dates of developments associated with dredging requirements 
Main Channel  
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Figure 5.38 Location and dates of construction of port, industrial and recreational 
boating facilities on the Main Channel (refer to Table 5.22 for references). 
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Figure 5.39 Dredging Volume History for Individual Quays and Wharfs on the Main 
Channel 1994 to 2006. Data from Horter (2003) for 1994 to 2002 and CEFAS data for 
2002 to 2006. Note ABP dredge figures include dredge volumes for the Main Channel 
and the Test Estuary as the original recorded dredges do not differentiate between 
locations. 
 Period  Maintenance Dredging  Error (Plus)  Error (Minus) 
2001-2008  455.7  227.8  227.8 
1996-2001  290.6  145.3  145.3 
1976-1996  486.8  243.4  243.4 
1965-1976  281.9  141.0  141.0 
1947-1965  176.0  88.0  88.0 
1932-1947  199.7  100.0  100.0 
1911-1932  51.9  25.9  25.9 
1894-1911  210.0  105.0  105.0 
1783-1894  109.7  54.9  54.9 
Table 5.23: Maintenance dredging volumes by epoch for the Main Channel (x10
3m
3) at an 
assumed density of 1,300kg/ m
3  
Data from ABP Research and Consultancy (1995b) from 1926 to 1965 and 1985 to 1993, 
Horter (2003) for 1994 to 2002 and CEFAS data for 2002 to 2006. Data was otherwise 
derived from these sources and construction dates of facilities. 
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5.5.4  Change in Storage/ Estuary Morphology- Salt marsh, mudflat and channel 
The change in the sediment stores between 1783 and 2008 are presented in a table and 
a series of maps to indicate both the epoch and location the change (Appendix 39 to 
Appendix 48). As with the Hamble, Test and Itchen estuaries to make it clear where there 
had been change between the epochs the maps and tables were coloured. The channel, 
salt marshes or mudflats were coloured green where changes were within the range of 
data error, blue where accretion had occurred and red where erosion had occurred (the 
method of error calculation was presented in Chapter 4.4). Areas which had been land 
claimed  were  coloured  purple.   The error associated with heights outlined in Chapter 
4.4.1 determined whether there was significant change in the depth of sediment in the 
channel.  The  changes  were  related  to  probable  pressures  on  the  Main  Channel  from 
literature review presented in Chapter 3 and from evidence provided by historic maps. 
The overall change in the Main Channel between 1783 and 2008 is presented in Table 
5.24 and Figure 5.40 from to Figure 5.46.  
Several developments on the Main Channel, highlighted in  Figure 5.40 and Table 3.6, 
resulted in the immobilisation of 58.3 (+9.2/-8.9) x 10
6m
3 of salt marsh sediment and 
57.8 (+4.2/-1.9) x 10
6m
3 of mudflat sediment (Table 5.24). These included land claim for 
port  development  in  the form  of  Dibden  Bay between  the 1930s  and 1970s; for port 
developments between 1836 and 1911 and for agriculture. Land claim was the largest 
cause for salt marsh and mudflat area decline in the study period. 
The Main Channel is naturally deep which is why the shipping industry was attracted to 
Southampton Water. In 1783 the average depth of the channel was -8.97m (Table 5.24). 
In  1889  the  first  capital  dredge  standardised  the  depth  across  the main  navigational 
channel  to  7.4m  below  CD  (Horter,  2003a)  to  improve  access  to  the  new  dock 
developments in the form of Empress Dock; Eastern Dock and the Port Outer Dock built 
between 1836 and 1911 (Table 3.5). A number of capital dredge campaigns associated 
with  improving  navigational  access  to  the  Port  of  Southampton  and  Prince  Charles 
Container  Terminal  (listed  in  Table  3.5)  followed  and  between  1994  and  1997  the 
channel was deepened to 12.6m below CD.  
Despite  the  deepening  of  the  Main  Channel  for  navigational  access  the  overall  mean 
height of the channel decreased by 1.0 (+/-0.5) m between 1783 and 2008. There was 
accretion of the subtidal between the western shore and main dredged channel between 
1783 and 2008 (Figure 5.41) indicating that a slumping of sediment into the dredged 
area  through  slope  failure  had  occurred.  There  was  also  integration  of  parts  of  the 
intertidal on the eastern shore in to the channel (Table 5.24). Through these accretion Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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events and the percentage of the channel at shallower depths was higher by 2008 than 
in 1783. 
During the study period there was a decline of both salt marsh and mudflat area and 
volume.  The  decline  in  the  sediment  stored  as  mudflat  on  both  sides  of  the channel 
could have been as a direct result of dredging as the channel was widened to improve 
navigational access to the port (Figure 5.43) through direct dredging. This frontal loss 
could  also  be  attributable  to  a  slumping  of  the  intertidal  sediment  in  to  dredged 
channels.  
Between 1783 and 1894 there was a rapid increase in the salt marsh lining the western 
shore (Appendix 40) this was probably associated with the colonisation of mudflat with 
S.anglica. This corresponds with the finding of Spartina alterniflora Lois. near Hythe in 
1879 (Groves and Groves, 1880). Despite this extensive increase in salt marsh area and 
volume early in the study period by 2008 there was a net decline in salt marsh area and 
volume (Table 5.24). 
There were signs of S.anglica dieback particularly between 1932 and 1947 (Appendix 43) 
when the salt marsh experienced erosion and the mudflat accreted on the landward side. 
The mudflat did not frontally erode during this period indicating that the decrease in salt 
marsh area was not related to the draw down of sediment in to dredged channels. There 
was also a decline in salt marsh area around the Esso Oil Refinery between 1947 and 
1965 (Appendix 44). Baker et al. (1990) found that there was a relationship between the 
dieback  of  S.  anglica  around  the  Esso  Oil  Refinery  in  particular  as  effluents  were 
discharged through the creek system.   
Another possible cause of salt marsh decline was a draw down of intertidal material into 
dredged channels. Both the mudflat and salt marsh experienced frontal erosion between 
1947 and 1965 (Appendix 44) and 1996 and 2001 (Appendix 47) corresponding with 
capital dredge activities of the Main Channel between 1950-1951 and 1994-1997 (Table 
3.5). Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch 
Morphological 
Indicator 
Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
Overall 
change 
1783-
2008 
Morphology 
(from map 
comparison) 
Figure 5.40 to 
Figure 5.46 
Main Channel 
deepened and 
parallel to western 
and eastern shores. 
Between the 
western shore and 
the Main Channel 
the channel 
accreted. 
Frontal loss of mudflat 
on both shores. 
Mudflat converted to 
salt marsh on land 
ward edge or 
accreted.  
Salt marsh accretion on 
western shore.  
Between 1783 and 1893 salt marsh volume increased from 46.5 (+7.3/-7.1) to 
117.4 (+10.8/-26.9) x 10
6m
3 through the colonisation of mudflat with S.anglica. 
However the overall change in salt marsh volume from 1783 to 2008 was a 
decline.  Salt marsh volume decreased due to a combination of dieback of S. 
anglica (the first signs of which were from 1911-1932 but largest impacts 
occurred between 1932 and 1965), possible slumping of the intertidal 
sediments following dredging activity (e.g. between 1976 and 1996) and large 
scale land claim. Baker et al (1990) found that there was a relationship between 
the dieback of S. anglica around the Esso Oil Refinery in particular as 
effluents were discharged through the creek system. 
 
Mudflat volume decreased predominately due to land claim and frontal erosion 
from either direct removal of sediment through dredging activity associated 
with gaining access to the docks or through slumping of the intertidal 
sediments into the dredged channel. Mudflat were also stabilised by S.anglica 
to form salt marsh between 1783 and 1893, some areas round Hythe and 
Fawley remained stable in 2008 despite S.anglica die-back. 
 
Channel volume increased through a number of dredging events in the Main 
Channel associated with improving navigational access to the Port of 
Southampton and Prince Charles Container Terminal (listed in Table 3.5). 
These dredge activities commenced in 1889 when the navigational channel 
was lowered to 7.4m below CD; in 1994-1997 the channel was deepened 
to 12.6m below CD. The channel was also widened to improve navigational 
access. The sediment stored in the channel therefore decreased. There was 
accretion of the subtidal parallel to the main dredged channel indicating with a 
slumping of sediment into the dredged area through slope failure or from 
attraction of marine sediment in to the estuary from the western shore 
possibly due to the reduced current speeds sustained by the maintained 
channel. 
 
Land claims in the form of agricultural development; the development of 
the Eastern Dock 1836-1911; Marchwood Military Port in the 1920s; 
Dibden Bay for future port development between the 1930s-1970s; Esso 
Oil Refinery in the 1950s and Fawley Power station and the construction 
of Fawley Power Station built between 1964 and 1965 (Table 3.6) directly 
resulted in the immobilisation mudflats, salt marsh and channel 
sediments.  
Topography 
(taken as mean 
height above -
20.47m)  (heights 
given in m) 
Decreased in depth 
from 11.5 (+/-0.5) to 
12.5 (+/-0.1). The 
sediment in the 
channel i.e. 
accreted by 1.0 (+/-
0.5). 
No change outside 
of range of error 
(from 19.8  (+/-0.1) to 
19.7  (+/-0.1)) 
No change outside of 
range of error (from 
22.0(+/-0.1) to 22.1(+/-
0.1)) 
Area (areas given 
in x 10
5m
2) 
Increased in area 
from 118.7 (+6.3/-
4.7) to 171.3 (+4.6/-
4.1) 
Decreased in area  
(from 153.3 (+11.0/-
5.1) to 58.0 (+9.8/-
7.2)) 
Decreased in area 
(from  22.2 (+9.6/-9.3) to 
15.0 (+2.2/-3.8) 
Volume Sediment 
Stored (areas 
given in x 10
6m
3) 
Increased in volume 
from 136.9 (+14.2/-
11.9) 
 to 214.3 
(+8.6/-8.0) therefore 
sediment stored in 
channel decreased 
by 77.4 (+8.0/-6.7) 
Decreased in volume 
(from 302.9 (+21.7/-
10.1) to 114.1 (+19.3/-
14.2)) 
Decreased in volume 
from  46.5 (+7.3/-7.1) to 
33.2 (+4.8/-8.4) 
Volume 
Immobilised 
(Land Claim) 
(volumes given in 
x 10
6m
3) Figure 
5.42,  Figure 5.44 
and Figure 5.46 
7.0 (+0.7/-0.6)  57.8 (+4.2/-1.9)  58.3 (+9.2/-8.9) 
Table 5.24 Main Channel overall morphological change 1783-2008  
Land claim is shown in purple; an increase outside the error range in blue and a decrease outside the range of error in pink and no 
change outside error ranges in green.Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.41 Main Channel Sediment Store Change 1783-2008- Channel Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.42 Main Channel Volume Change 1783-2008 
Land claim activities are shown in purple; the pink lines indicate where capital dredging events occurred.Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.43 Main Channel Sediment Store Change 1783-2008- Mudflat. References: 1) 
(Hythe Marina Association, 2011) 2) (Inchscape Shipping Services, 2011) 3) (Pender, 
2011) 4) (Southampton Harbour Board, 1953), 5) (Ocean Village, 2011) 6) 
(Southampton City Council, 2007) 7) (Marchant, 1967) 8) (Coughlan, 1979). Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.44 Main Channel Mudflat Volume Change 1783-2008 
Land claim activities are shown in purple, pink shows possible causes for erosion and blue possible causes for accretion. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.45 Main Channel Sediment Store Change 1783-2008- Salt marsh. References: 
1) (Hythe Marina Association, 2011) 2) (Inchscape Shipping Services, 2011) 3) (Pender, 
2011) 4) (Southampton Harbour Board, 1953), 5) (Ocean Village, 2011) 6) 
(Southampton City Council, 2007) 7) (Marchant, 1967) 8) (Coughlan, 1979)Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.46 Main Channel Salt Marsh Volume Change 1783-2008 
Land claim activities are shown in purple, pink shows possible causes for erosion and blue possible causes for accretion. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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5.5.5  Main Channel Sediment Budget 
The components of the sediment budget as outlined over chapters 5.4.2 to 0 are as 
follows: 
Cliff Input + Change in Sediment Stores (Channel and Intertidal) + Exchange to 
Hamble, Itchen and Test Estuaries – Dredging Output + Sediment Immobilised 
by Land Claims  = Marine Exchange (Equation  5-4 Main Channel Mass Balance 
Equation)  
The sediment budget for the Main Channel between 1783 and 2008 is presented in 
Appendix 49. Figure 5.47 shows the change in the volume of sediment required to 
balance the sediment budget over time.   
As stated in Chapter 5.5.4 and displayed in Figure 5.40 land claim immobilised the 
largest  volume  of  sediment  from  the  sediment  budget.  For  ease  of  interpreting 
patterns in the change in the sediment stores in relation to other pressures Figure 
5.48  shows  the  deviation  in  the  contribution  of  the  various  components  of  the 
sediment budget of the Main Channel since 1783-1894 to the mass balance. Figure 
5.47  shows  that  between  1783  and  2008  the  demand  for  sediment  by  the  Main 
Channel to balance its sediment budget increased.  
Between  1783  and  1947  the  impacts  of  the  growth  and  subsequent  dieback  of 
S.anglica  on  the  Main  Channel is  apparent  (Figure  5.47).  Between  1783  and 1894 
there  was  a  sediment  demand  on  the  system  as  S.anglica  spread  in  the  estuary. 
Between  1894  and  1911  there  were  signs  of  dieback  in  the  Itchen  and  Hamble 
estuaries  meaning  that  these  reaches  released  sediment  into  the  Main  Channel. 
Between  1932  and  1947  despite  the  dieback  of  S.anglica  on  the  Main  Channel 
releasing sediment to the rest of the system there was a net sediment demand on the 
sediment budget, this was due to sediment demands from other reaches, particularly 
the  Hamble  Estuary  which  demanded  sediment  for  the  accretion  of  the  managed 
realignment  site  Bunny  Meadows.  This  highlights  the  importance  of  the 
interconnectivity of these previously unstudied sediment budgets of the Itchen and 
Hamble Estuaries on the Main Channel sediment budget. 
By combining the change in salt marsh and mudflat volume during the study period it 
can be seen that the growth and dieback of S.anglica (in the epochs prior to 1947) 
had  a  minor  effect  on  the  overall  sediment  budget  in  comparison  with  dredging 
impacts.  This  is  most  likely  to be due to sediment destabilised by the dieback of Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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S.anglica directly contributing to the growth of mudflats resulting in little change in 
overall intertidal sediment volumes compared to the impacts of dredging.  
Figure 5.47 shows that, as on the Test Estuary, major dredging activities during the 
study  period directly removed sediment stored in the channel and resulted in the 
destabilisation  of  the  intertidal  habitats.  The  increase  of  input  from  intertidal 
sediment to the sediment budget is apparent between 1947 and 1965 related to the 
1950-51 capital dredge, which included the straightening of the western channel and 
between  1996  and  2001,  relating  to  the  1994-97  capital  dredge  of  the  approach 
channel.  
As with the Test Estuary in the years following large dredging activities the estuary 
became a sediment sink and encouraged the accretion of the channel and intertidal 
habitats. This occurred between 1965 and 1976 and from 2001 to 2008 where there 
was  an  increase  in  the  marine  sediment  input  required  to  balance  the  sediment 
budget. 
The overall changes in sediment demands during these periods indicate that: 
1)  Input of sediment from cliff erosion was negligible. 
2)  The interconnectivity of the sediment budgets of the Itchen, Hamble and Test 
estuaries  means  that  the  sediment  budget  of  the  Main  Channel  may  be 
responding to the demands from these reaches. 
3)  Capital dredging results in the destabilisation of intertidal sediment stores. 
4)  Following a capital dredge the dredged channel acts as sediment sink placing 
a demand for marine sediment to balance the sediment budget. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.47 Average annual volume of sediment required from marine exchange to balance the Main Channel sediment budget 1894 to 2008. 
Blue shows periods where there was an increase in the sediment demand and pink a decrease in the sediment demand to balance the sediment 
budget from marine sources.   Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.48 Deviation in the components of the Main Channel sediment budget between 1783 and 2008. Blue shows periods where there was 
an increase and pink a decrease in the sediment demand to balance the sediment budget from marine sources. The error associated with these 
figures is shown in Appendix 49, not shown to simplify trend comparison Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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5.5.6  Main Channel Equilibrium State  
The ratio of average intertidal flat height to tidal range (H
f/H), intertidal flat area to 
basin  area  (A
f/A
b)  and  channel  volume  and  tidal  prism  (V
c/P)  are  expected  to  be 
approximately constant when an estuary is in dynamic equilibrium (Rossington 2008). 
The  ratios  which  indicate  equilibrium  state  of  the  mudflats  and  channels  were 
calculated from historic data as shown in Table 5.25. 
The ratio of H
f/H has been maintained since 1783 at an average of 0.4, this means 
that the intertidal flat height has altered with the tidal range.  
The ratio of
 A
f/A
b declined during the study period from 0.7 in 1783 to 0.2 in 2008, as 
shown in Table 5.25 this was due to a decrease in the intertidal flat area from 15.3 x 
10
6m
3  to  5.8  x  10
6m
3  between  1783  and  2008.  The  change  in  the  ratio  occurred 
between 1894 and 1911 as vast areas of intertidal flat were colonised by S.anglica. 
The two further periods of change were between 1911 and 1932 and between 1965 
and 1976 due to land claim. Between 1911 and 1932 a large volume of intertidal flat 
was removed for the development of the Eastern Dock and the first stage of the land 
claim of Dibden Bay. Between 1965 and 1976 there was the largest phase of the land 
claim  of  Dibden  Bay  (1962-1970)  and  land  claim  at  Fawley  for  the  oil  refinery 
extension.  The  overall  impact  was  that  by  2008  the  intertidal  area  was  small 
compared to the basin area. 
The ratio of V
c/P represents the ratio between the channel volume and tidal prism. 
There has been a change in this ratio from 0.4 in 1783 to 1.2 in 2008 this was due to 
an increase in the channel volume and a decline in the tidal prism during the study 
period (Table 5.25). The decline in the ratio occurred between 1783 and 1911; 1947 
and  1965;  1976  and  1996.  These  periods  reflect  changes  in  the  estuary  due  to 
dredging which increased the channel volume in relation to the tidal prism. Referring 
to Table 3.2 and Table 5.25 between 1783 and 1894 there was an increase in the 
channel volume due to the first capital dredge of the Main Channel resulting in a 
deepening  to  7.4m  below  CD;  between  1947  and  1965  there  was  a  large  capital 
dredge in 1951 where the channel was restored to 10.2m below CD; between 1994-
1997  the  channel  depth  was  increased  from  10.2  to  12.6m  below  CD.  While  the 
channel volume increased the tidal prism has decreased between 1783 and 2008 due 
to a number of land claims. The channel volume now appears too large for the tidal 
prism. 
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 Year 
Intertidal Flat Height 
(m) 
  
LAT (m 
below ODN) 
Intertidal Flat Height 
above LAT (m) (Hf) 
H 
Tidal Range (m) 
Hf/H 
Intertidal Flat 
Height/ Tidal 
range 
1783  -0.71  2.62  1.91  4.65  0.4 
1894  -0.86  2.62  1.76  4.65  0.4 
1911  -0.93  2.61  1.69  4.65  0.4 
1932  -0.78  2.60  1.82  4.65  0.4 
1947  -0.79  2.58  1.79  4.65  0.4 
1965  -0.60  2.76  2.16  4.82  0.5 
1976  -0.84  2.97  2.13  5.19  0.4 
1996  -0.77  2.70  1.93  4.79  0.4 
2001  -0.84  2.85  2.01  5.16  0.4 
2008  -0.79  2.78  1.99  4.97  0.4 
 
 Year  Intertidal Flat Area (x 10
6m
2)  Basin Area (x 10
6m
2)  Af/Ab Intertidal flat area/ 
Basin Area 
1783  15.33  30.35  0.7 
1894  7.83  27.99  0.7 
1911  7.60  27.91  0.6 
1932  7.59  27.75  0.4 
1947  9.28  27.75  0.4 
1965  6.60  26.80  0.4 
1976  7.07  25.03  0.2 
1996  6.32  24.98  0.2 
2001  5.85  25.10  0.2 
2008  5.80  25.11  0.2 
 
  
 Year 
  
Channel Volume (x 10
6m
3) 
  
Tidal Prism (x 10
6m
3) 
Vc/P 
Channel Volume/ Tidal Prism 
1783  136.9  349.4  0.4 
1894  180.2  270.9  0.7 
1911  178.8  268.3  0.7 
1932  177.5  263.1  0.7 
1947  171.3  258.5  0.7 
1965  205.8  179.1  1.2 
1976  177.3  180.4  1.0 
1996  203.3  158.2  1.3 
2001  215.3  145.9  1.5 
2008  214.3  181.3  1.2 
Table 5.25 Summary of key changes in the Main Channel between 1783 and 2008 as 
indicators of equilibrium 
 
 
 
 Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 238- 238 -- 
5.5.7  Main Channel Results Summary 
The main changes in the Main Channel between 1783 and 2008 are summarised in 
Table 5.26. Between 1783 and 2008 the Main Channel has been influenced by land 
claim, S. anglica growth and dieback, and channel deepening associated with port 
development and continued navigational access. These activities have resulted in an 
increase in channel volume and area and a decrease in both salt marsh and mudflat 
volume and area between 1783 and 2008. Between 1783 and 2008 the demand for 
sediment  by  the  Main  Channel  to  balance  its  sediment  budget  has  increased  as 
channels  deepened  through  dredging  infill  resulting  in  some  large  maintenance 
dredge activities. The change in the equilibrium state of the estuary during the study 
period indicates that anthropogenic and natural changes in the Main Channel have 
resulted in several changes in equilibrium state. The channel volume now appears too 
large for the tidal prism (Table 5.25). Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Reach  Energy Dispersal 1783, 
1926 and 1996 (Townend & 
Dun, 2000) 
Morphology  Sediment Budget  Dynamic Equilibrium 
Main Channel  A marked move away from 
the most probable state over 
time, most likely due to 
channel deepening that has 
taken place in stages over 
time. There was little change 
at the mouth of the estuary 
highlighting the validity of the 
mouth at Calshot being a 
sustained boundary. 
Between 1783 and 1894 there was an 
increase in salt marsh area associated with 
the spread of S.anglica. However the 
volume and area of salt marsh had 
declined overall by 2008 due to a 
combination of S.anglica die-back; erosion 
following dredge activities and land claim. 
There has been a distinct split of the salt 
marsh which used to line the western 
shore into separated areas. There has 
been a decline of intertidal mudflat due to 
land claim; direct removal through 
dredging and slumping in to dredged 
channels. 
Large scale land claim through industrial 
developments including port development, 
agriculture and urbanisation have resulted 
in a narrowing of the channel and intertidal 
margins.  
The volume and area of the navigational 
channel has increased through dredging. 
There has been accretion of the subtidal 
next to the main shipping channel 
indicating that the intertidal sediments 
have slumped in to the channel or marine 
sediment has accumulated next to dredged 
channels. 
Between 1783 and 2008 the demand for 
sediment by the Main Channel to balance its 
sediment budget has increased.  
Capital dredging resulted in the removal of 
channel sediment and the destabilisation of 
intertidal habitats. 
Following large dredge activities the channel 
acted as sediment sink encouraging the 
accretion of intertidal habitats and the channel. 
The impacts of dredging outweighed the 
impacts of the dieback of S.anglica. 
While the channel volume has increased the tidal prism 
has decreased between 1783 and 2008 due to a number 
of land claims. The channel volume now appears too 
large for the tidal prism. The continued pressures of 
dredging on the Main Channel are set to continue as 
outlined in the Port of Southampton master plan (ABP, 
2010). 
Table 5.26 Dynamic Equilibrium Main Channel ConclusionsElizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 240- 240 -- 
5.6  Southampton Water 
Southampton Water comprises the Test, Itchen and Hamble Estuaries from their tidal 
reaches to the seaward limit of Calshot Spit as shown in Figure 3.5. The estuary is 
naturally deep with extensive intertidal habitats. The estuary has been influenced by 
both  natural  and  anthropogenic  pressures  including  major  port  development, 
urbanisation, industry, urbanisation, agriculture resulting in land claim; navigational 
dredging; managed realignment; coastal defence and S.anglica growth and dieback. 
 
5.6.1  Energy Dispersal 
Townend and Dun (2000) found that by 1996 there was a linear distribution of energy 
in Southampton Water which was indicative of a system doing uniform rather than 
minimal work, this being characteristic of a canal or other similar linear system.  The 
differences  from  the  most  probable  state  curves  suggest  that  the  component 
estuaries are much closer to the most probable state than the system as a whole. In a 
reflection  of  this  work,  Townend  and  Dunn  (2000)  stated  that  in  order  to  move 
towards  the  most  probable  state  the  energy  distribution  needs  to  reduce  over 
extensive lengths or increase through the mouth. 
5.6.2  Change in Storage/ Estuary Morphology- Salt marsh, mudflat and channel 
The  change  in  the  sediment  stores  between  1783  and  2008  by  reach  have  been 
presented  in  Chapters  5.2.4;  5.3.4;  0  and  5.5.4.  The  overall  changes  in  these 
sediment  stores  for  the  whole  of  Southampton  Water  between  1783  and  2008  is 
detailed in Appendix 50 by epoch and summarised in Table 5.27 and Figure 5.50.  
Overall there was an increase in the channel volume and area and a decrease in the 
salt marsh and mudflat area and volume between 1783 and 2008 in the estuary. 
Land claims resulted in large scale immobilisation of sediment in Southampton Water; 
a total of 255.4 (+61.6/-62.6) x 10
6m
3 of sediment was claimed from the channel, 
mudflats and salt marsh as shown in Figure 5.49. Table 3.6 summarises the major 
land claim activities on Southampton Water which included urbanisation; marina and 
quay  developments;  road  and  rail  developments  on  the  Hamble;  agricultural 
development; the development of the Eastern Dock 1836-1911; Marchwood Military 
Port in the 1920s; Dibden Bay for future port development between the 1930s-1970s; 
Esso  Oil  Refinery  in  the  1950s  and  Fawley  Power  station  and  the  construction  of 
Fawley  Power  Station  built  between  1964  and  1965.  These  activities  changed  the 
structure of the estuary resulting in a narrowed tidal prism in areas such as the Test 
Estuary in particular. Other land claims, such as for the Esso Oil Refinery, resulted in 
claimed land protruding into the estuary potentially altering sediment dynamics.           Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 241- 241 -- 
0
50,000,000
100,000,000
150,000,000
200,000,000
250,000,000
300,000,000
2008 2001 1996 1976 1965 1947 1932 1911 1894 1783
V
o
l
u
m
e
 
o
f
 
S
e
d
i
m
e
n
t
 
I
m
m
o
b
i
l
i
s
e
d
 
t
h
r
o
u
g
h
 
L
a
n
d
 
C
l
a
i
m
 
m
3
Channel
Salt Marsh
Mudflat
Eastern Dock 
Development 
1836-1911
Marchwood 
Power Station and 
Military Port 
reclaim 1920s
Western Docks 
Development 
1927-1934
Dibden Bay for Future Port 
Development
1930s-1970
Prince Charles Container 
Terminal Development 1967-77
and Western Dock Extension 
Scheme 1967-1976
Fawley 
Power 
Station
1950-51
 
Figure 5.49 Cumulative Land Claim on Southampton Water 1783 to 2008, showing the main developments during this time. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 242- 242 -- 
                                                
There was an increase in the volume and area of the channel between 1783 and 2008 
outside the range of error (Table 5.27). This was due to a number of dredge activities 
as summarised in Table 3.5,  including dredging associated with marina development 
on  the Hamble-  in  association  with  development  of  the boating industry from the 
1960s  (Table  5.2);  dredging  associated  with  wharf  and  quay  development  on  the 
Itchen (Table 5.8); and a number of dredging events in the Main Channel and Test 
Estuary  associated with improving navigational access to the Port of Southampton 
and Prince Charles Container Terminal (listed in Table 3.5). The Main Channel was 
deepened  through  dredge  activities  commencing  in  1889  when  the  navigational 
channel was lowered to 7.4m below CD; in 1994-1997 the channel was deepened to 
12.6m below CD.  
 
There was an overall decline in salt marsh area and volume between 1783 and 2008 
(Table 5.27) which appears to have been affected by the growth and subsequent die 
back of S.anglica and frontal erosion of sediment through the draw down of sediment 
into dredged channels. There was also an overall decline in mudflat area and volume, 
initiated  by  S.anglica  colonisation  at  the  beginning  of  the  study  period  and  also 
related to dredging activities. 
 
Between  1783  and 1911  salt  marsh  volume increased through the colonisation of 
mudflat with S. anglica (e.g. as on the Main Channel Appendix 40). This happened 
later  on  the  Test  Estuary  possibly  due  to  the  delayed  influence  of  shipping  on 
propagule transportation (Appendix 31). There was also some accretion of mudflat 
and salt marsh on a managed realignment site on the Hamble Estuary between 1932 
and  1947  (Appendix  7  and  Appendix  8).  The  first  signs  of  dieback  were  in  the 
Hamble and Itchen Estuaries and then into the Main Channel (Appendix 42) where the 
largest impacts of salt marsh decline occurred between 1932 and 1947  (Appendix 43 
and  Appendix  44).  The  dieback  of  S.anglica  resulted  in  the  release  of  sediment 
resulting in the accretion of the channel and mudflats, this was particularly apparent 
between 1932 and 1947 as shown in Figure 5.50. The erosion of salt marsh through 
dieback was seen to be distinct from frontal erosion through the impacts of dredging 
particularly in this epoch as the salt marsh eroded frontally however the mudflat did 
not indicating that draw down of sediment had not occurred (Appendix 43). There 
was  also  a  site  specific  relationship  between  dieback  as  a  result  of  pollution  was 
reported  by  Baker  et  al  (1990)  around  the  Esso  Oil  Refinery  as  effluents  were 
discharged through the creek system 
 
Despite the subsequent increase in mudflat area as S.anglica die-back occurred there 
was an overall decline in mudflat. The possible causes for this decline were direct Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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removal  by  dredging  in  order  to  obtain  navigational  access  to  ports, marinas and 
quays, and slumping of the intertidal sediment following major dredging activities. 
Epochs  in  which  capital  dredging  occurred  on  the  estuary  corresponded  with  the 
decline  in  sediment  stored  in  the  channel,  mudflats  and  salt  marsh  indicating  an 
overall slumping of the intertidal habitats had occurred. For example between 1976 
to 1996 (Appendix 46) and 1996 to 2001 (Appendix 47) it could be seen that the 
channel dredging coincided with distinct frontal erosion of the entire length of the 
salt  marsh  and  mudflat  lining  the  Main  Channel,  erosion  of  the  subtidal  and  an 
accumulation of sediment to the west of the Main Channel. This pattern of erosion 
also occurred between 1947 and 1965 following the 1950-51 capital dredge of the 
Main Channel.   
 
As  can  be  seen  in  Figure  5.50  the  volume  of  mudflat  in  the  estuary  was  closely 
related to the volume of sediment in the channel. As channel change was caused by 
dredging this provides further evidence that the decline in mudflat was caused by the 
slumping  of  the  intertidal  mud  in  to  dredged  channels.  The  salt  marsh  change 
however appears more conditional on the status of S. anglica with periods in which 
there was salt marsh accretion, for example between 1783 and 1894, coinciding with 
extensive mudflat  colonisation  with  S.anglica  on  the  Main  Channel  (Appendix  40). 
Also between 1947 and 1976 the managed realignment site on the Hamble accreted 
resulting in an increase in salt marsh area (Appendix 8 and Appendix 9). The periods 
where there was a salt marsh decline related to epochs where there was evidence of 
S.anglica die-back (e.g. 1976 to 1996 on the Hamble (Appendix 10)).    Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological 
Indicator 
Channel   Mudflat 
Change  
Salt Marsh 
Change  
Probable cause for change 
Overall 
change 
1783-
2008 
Morphology 
(from map 
comparison)  
Channel deepened for 
navigational access to 
marinas; wharves; quays 
and port developments. 
Channel accretion parallel 
to dredged areas e.g. 
adjacent to main dredged 
channel at Western Dock 
on Test and between the 
western shore and the 
Main Channel. 
Loss of 
mudflat along 
length of 
dredged 
channels.  
 
 
 
Mudflat accretion 
where salt marsh 
eroded. Seaward 
erosion parallel to 
dredged areas 
e.g. along turning 
circle for container 
ships on the Test.   
Areas of salt 
marsh gain 
around managed 
realignment sites.  
There was an increase in the volume and area of the channel between 1783 and 2008 outside the range 
of error. This could have been caused by the following: 
Dredging associated with marina development on the Hamble- in association with development of the 
boating industry from the 1960s (Table 5.2).  
Dredging associated with wharf and quay development on the Itchen (Table 5.8) 
Two major developments on the Test -The development of the Western Docks between 1927 and 
1934 (ABP Research and Consultancy 1995d) the Prince Charles Container Terminal between 1966 
and 1978 (ABP Research & Consultancy Ltd, 1995d). 
Channel volume increased through a number of dredging events in the Main Channel associated with 
improving navigational access to the Port of Southampton and Prince Charles Container Terminal 
(listed in Table 3.5). These dredge activities commenced in 1889 when the navigational channel was 
lowered to 7.4m below CD; in 1994-1997 the channel was deepened to 12.6m below CD.  
The probable reasons for the decline in salt marsh volume and area are as follows:  
Between 1783 and 1893 salt marsh volume increased through the colonisation of mudflat with 
S.anglica. This happened later on the Test Estuary due to the delayed influence of shipping on propagule 
transportation. However the overall change in salt marsh volume from 1783 to 2008 was a decline.  Salt 
marsh volume decreased due to a combination of dieback of S. anglica (the first signs of which were 
from 1911-1932 in the Itchen and Hamble Estuaries but largest impacts occurred between 1932 and 1947 
on the Main Channel). Baker et al (1990) found that there was a specific relationship between the dieback 
of S. anglica around the Esso Oil Refinery as effluents were discharged through the creek system. 
There was some accretion of mudflat and salt marsh on a managed realignment site on the Hamble 
Estuary however this too suffered from S.anglica die-back. Possible slumping of the intertidal sediments 
following dredging activity (e.g. between 1976 and 1996 on the Main Channel) and large scale land claim 
were other reasons for the decline.  
The decline in mudflat area and volume was initiated by the colonisation by S.anglica between 1783 and 
1893. Despite the subsequent increase in mudflat area as S.anglica die-back occurred there was an 
overall decline in mudflat. The possible causes for this decline were direct removal by dredging in order 
to obtain navigational access to ports, marinas and quays, slumping of the intertidal sediment following 
major dredging activities and immobilisation if sediment through land claims. For example by comparing 
the pattern of mudflat erosion in 1976 to 1996 to 1996 to 2001 it could be seen that the channel dredging 
coincided with distinct frontal erosion of the entire length of the mudflat lining Southampton Water, erosion 
of the subtidal and an accumulation of sediment to the west of the Main Channel. 
Land claims in the form of urbanisation, marina and quay developments, road and rail 
developments on the Hamble; agricultural development; the development of the Eastern Dock 
1836-1911; Marchwood Military Port in the 1920s; Dibden Bay for future port development between 
the 1930s-1970s; Esso Oil Refinery in the 1950s and Fawley Power station and the construction of 
Fawley Power Station built between 1964 and 1965 (Table 3.6) directly resulted in the 
immobilisation intertidal and channel sediments.                                                                  
Topography 
(taken as mean 
height above -
20.47m)  (heights 
given in m) 
No change outside of 
range of error  (from 12.5 
(+/-0.5) to 12.6 (+/-0.1))  
No change 
outside of 
range of error  
(19.7 (+/-0.1) 
to 19.8 (+/-
0.1)) 
No change 
outside of range of 
error 22.0 (+/-0.1) 
to 22.1 (+/-0.1)) 
Area (areas given 
in x 10
5m
2) 
Increased in area from 
143.6 (+18.9/-9.9) to 214.6 
(+11.7/-9.0) 
Decreased in 
area from 
233.7(+24.0/-
16.0) to 86.1 
(+18.1/-14.2) 
Decreased in 
area from 44.8 
(+10.8/-11.0) to 
22.8 (+4.2/-5.9) 
Volume 
Sediment Stored 
(areas given in x 
10
6m
3) 
Increased in volume from 
178.8 (+32.4/-20.0)
  to 
270.6 (+18.3/-14.9) 
therefore sediment 
stored in channel 
decreased by 91.8 
(+16.6/-10.3) 
Decreased in 
volume from 
460.7 (+47.3/-
31.6) to 170.7 
(+35.8/-28.2) 
Decreased in 
volume from 98.4 
(+23.7/-24.1) to 
50.5 (+9.3/-13.1) 
Volume 
Immobilised 
(Land Claim) 
(volumes given 
in x 10
6m
3) 
20.8 (+3.8/-2.3)  130.6 (+13.4/-
9.0) 
104.0 (+25.1/-
25.5) 
Table 5.27 Southampton Water overall morphological change 1783-2008. Land claim is shown in purple; an increase outside the error range in 
blue and a decrease outside the range of error in pink and no change outside error ranges in green. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.50 Southampton Water Sediment Store Change, please note that the channel volume shows the volume of sediment in the channel 
rather than the volume of the channel (positive figures show accretion, negative figures show erosion, major periods of capital dredging on the 
Main Channel are shown in pink). The error associated with these figures is shown in Table 5.28, not shown to simplify trend comparisonElizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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5.6.3  Salt Marsh Fragmentation 
As outlined in 4.4.2 the salt marsh compaction/fragmentation index of an area of salt 
marsh can indicate whether the morphology of the marsh is vulnerable to erosion. As 
shown in Equation 4.6 which relates the perimeter of the feature to its area the most 
compact shape, a circle, returns a shape value of 1.0 and the most dissected, and 
contorted shapes return higher values.   
 
Figure 5.51 shows the salt marsh compaction/fragmentation index for each of the 
regions  for  the  years  between  1783  and  2008.  The  plots  show  that  all  the  salt 
marshes  in  the  study  area,  apart  from  on  the  Itchen  Estuary  which  has  largely 
disappeared,  have  increased  in  dissection  and  fragmentation.  There  has  been  an 
overall  reduction  in  salt  marsh  size,  by  combining  this  with  the  increase  in  the 
perimeter of the salt marsh that remain this means that the remaining salt marsh 
areas have a wider surface area exposed to wave and tidal energy.  
  
The  increased  fragmentation  of  salt  marsh  areas  within  Southampton  Water  since 
1976 indicates that if this trend continues it will result in the disappearance of salt 
marshes on the estuary. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.51 Salt marsh fragmentation within the study area 1783-2008Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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5.6.4  Southampton Water Sediment Budget 
This  study  has  improved  the  understanding  of  the  Southampton  Water  sediment 
budget  compared  to  previous  works  outlined  in  Chapter  3.6.4,  by  taking  in  to 
account historical changes on the estuary sediment budget including the impacts of 
dredging and land claim. The contribution of the Hamble and Itchen estuaries was 
not included in previous studies leading to an incomplete view of the Southampton 
Water  sediment  budget,  the  change  in  these  reaches  have  been  included  in  this 
study.  This  study  has  developed  the  understanding  of  the  relationship  between 
sediment inputs and outputs by calculating the change in the sediment budget over 
time.  Unlike  previous  studies  the  error  associated  with  figures  in  the  sediment 
budget  and  therefore  the  confidence  associated  with  the  sediment  budget 
calculations was determined as recommended by Bray (2000) and RACER (2004).   
The components of the sediment budget as outlined over chapters 5.2.2 to 5.6.2 are 
as follows: 
River Input + Cliff Input + Change in Sediment Stores (Channel and Intertidal) – 
Dredging  Output  +  Sediment  Immobilised  by  Land Claims  = Marine Exchange 
(Equation 5-5 Southampton Water Mass Balance Equation)  
The sediment budget for the Southampton Water between 1783 and 2008 excluding 
land claim is presented in Table 5.28. Figure 5.52 shows the change in the volume of 
sediment required to balance the sediment budget over time.  Figure 5.53 shows the 
deviation in the contribution of the various components of the sediment budget of 
the estuary between 1783 and 2008 to the mass balance, excluding land claim. Land 
Claim has been removed from these figures and tables in order to highlight other 
patterns of salt marsh and mudflat loss. Land Claim however was the largest cause of 
intertidal  sediment  removal  though  immobilisation  from  the  sediment  budget.  As 
stated in Chapter 5.6.2 Land claims resulted in a volume of 255.4 (+61.6/-62.6) x 
10
6m
3 of sediment being immobilised from the channel, mudflats and salt marsh (as 
shown in Figure 5.10, Figure 5.16, Figure 5.28 and Figure 5.40). 
As shown in Figure 5.52 between 1783 and 2008 Southampton Water changed from a 
system that was near equilibrium state, where the system was only just net exporting 
sediments, to one which required a net import of marine sediment to balance. This 
was a change that the Test, Hamble, Itchen and Main Channel similarly experienced.  
During this time there were fluctuations in the sediment budget from a state in which 
there was a net marine sediment demand to one which was net exporting sediment, 
taking in to account error ranges. These changes largely reflected the changes on the 
Main Channel (Figure 5.47).  Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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In agreement with previous sediment budgets for Southampton Water, as calculated 
by  ABP  Research  and  Consultancy  (2000)  (Table  3.9)  and  Townend  (2007)  (Table 
3.10), it was found that the input to the sediment budget from river sources and cliff 
erosion was negligible, the sediment budget is therefore dependant on the input of 
marine sediment to balance if there is a sediment demand or through a change in the 
volume of sediment stored in the channel, salt marsh and mudflats.  
 
The largest cause of sediment removal on the estuary was through dredging activities 
associated  with  accessing  the  Port  of  Southampton,  the  Prince  Charles  Container 
Terminal, other industries such as the Fawley Oil Terminal and recreational boating 
facilities (shown in Figure 5.2; Figure 5.14; Figure 5.26 and Figure 5.38). Dredging 
directly  removes  channel  sediment  to  improve  navigational  access.  However 
calculation  of  the  sediment  budget  also  showed  that  intertidal  erosion  had  also 
occurred  during  the  epochs  in  which  major  dredging  activities  had  taken  place 
(Figure 5.53). These periods were 1783 to 1894; 1911 to 1932; 1947 to 1965; 1976 
to 1996 and 1996 to 2001 and were associated with a net export of marine sediment 
from the estuary (Table 5.28 and Figure 5.53).  
 
The periods which required a net import of sediment to balance the sediment budget 
were 1894 to 1911; 1932 to 1947; 1965 to 1976 and 2001 to 2008 (Table 5.28 and 
Figure 5.52). From comparing the changes in the components of the sediment budget 
during these epochs (Figure 5.53) it can be seen that these were periods in which 
accretion of the channel, mudflat or salt marsh placed a sediment demand on the 
system. These periods followed years in which there were major dredge campaigns 
and indicate that the dredged channel acted as a sediment sink. 
 
These conclusions will now be explained further: 
 
Between  1783  and  1894  salt  marsh  accretion  occurred,  probably  through  the 
colonisation  of  mudflats  with  S.anglica  as  there  were  historic  sightings  of  the 
predecessor‟s  to  the  hybrid  in  the  estuary  at  this  time  (Groves  &  Groves,  1880, 
Marchant, 1967).  Although the spread of S.anglica resulted in the stabilisation of 
mudflat through colonisation there was still a mudflat loss of 213.3 x 10
3m
3  (Table 
5.28).  The  decline  in  mudflat  volume  during  this  time  also  corresponded  with  a 
decrease in the sediment stored in the channel; therefore there was a net export of 
sediment from the estuary system. Between 1783 and 1894 there were two capital 
dredge campaigns, the first in 1889 and the second in 1893 to 1896 (ABP Research & 
Consultancy  Ltd,  1995a,  Horter,  2003a).  As  1894  was  in  the  middle  of  a  dredge 
campaign  the  estuary  was  responding  to  the  immediate  removal  of  sediment  and Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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deepening of the channel.  The decline in stored sediment could have been due to 
direct  removal  of  sediment  through  capital  dredging  or  slumping  of  the intertidal 
sediments into the navigational channel.  
 
Between 1894 and 1911 the estuary acted as a sediment sink with an input of marine 
sediment required to balance the sediment budget (Table 5.28). There had been two 
major  capital  dredge  activities  in  this  epoch,  one  in  1893  to  1896  of  the  Main 
Channel and the second in 1907 (ABP Research & Consultancy Ltd, 1995a, Horter, 
2003a).  Given  the  volume  of  maintenance  dredge  requirement  was  almost  double 
that of between 1783 and 1894 (Table 5.28) this shows that the channel had rapidly 
responded to the change in channel depths by attempting to accrete to re-establish 
its previous profile.  Salt marsh accretion was occurring on the main channel through 
the  colonisation  of  mudflats  with  S.anglica  resulting  in  an  additional  demand  for 
sediment. 
 
Between 1911 and 1932 both the mudflat and salt marsh experienced erosion (Table 
5.28). As can be seen in Appendix 6 and particularly in Appendix 18 salt marsh was 
directly replaced with mudflat at the landward edge indicating that die back of  S. 
anglica on both on the Hamble and Itchen estuaries was one of the causes of salt 
marsh  decline. Between 1911 and 1932 there was a capital dredge between 1931 
and  1936  (ABP  Research  &  Consultancy  Ltd,  1995a,  Horter,  2003a)  which  had 
commenced at the end of the epoch resulting in a decline in the sediment stored in 
the Main Channel. The mudflat also experienced frontal erosion indicating that the 
decline  in  the  intertidal  sediments  was  a  result  of  a  slumping  of  the  intertidal 
sediments in to the dredged channel (Appendix 42). There was therefore an overall 
net sediment output from the estuary during this epoch.  
 
Following  the  1931  and  1936  capital  dredge  campaign  to  widen  and  deepen  the 
channel for larger vessels accessing the port, and again in 1938  (ABP Research & 
Consultancy  Ltd,  1995a,  Horter,  2003a)  to  1947  represents  a  period  of  channel 
accretion. Between 1932 and 1947 there were large maintenance dredge activities 
required (Table 5.28) indicating that following capital dredging activities the estuary 
had  become  a  sediment  sink.  There  was  an  overall  decline  in  salt  marsh  volume, 
largely due to a decline on the Main Channel possibly due to die back of S.anglica as 
this was counteracted with accretion of mudflat on the landward edge (Appendix 43). 
Accretion of salt marsh on the Test estuary through S.anglica colonisation (Appendix 
31)  and  accretion  of  the  managed  realignment  site  on  the  Hamble  (Appendix  7) 
resulted  in  an  overall  increase in  the sediment stored in intertidal habitats (Table 
5.28 and Figure 5.53).  
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Between 1947 and 1965 there were two capital dredge campaigns, one between 1950 
and 1951 which not only deepened but widened the channel and a second in 1960 on 
the Main Channel (ABP Research & Consultancy Ltd, 1995a, Horter, 2003a). In the 
1960s  the  boating  industry  on  the  Hamble  Estuary  (Table  5.2)  resulted  in  the 
deepening of the channel in the Hamble.  During this epoch there was a significant 
increase in the volume of sediment inputted to the sediment budget from intertidal 
sources  (Table 5.28).  Between  1947 and 1965 the salt marsh on the Test estuary 
showed signs of die-back (Appendix 44), there was also die-back on the Main Channel 
in association with a pollution incident near Fawley (Appendix 44) which could have 
contributed  to  this  volume,  however  in  previous  epochs  the decline in  salt  marsh 
volume through die back was met by an increase in mudflat volume, this however was 
not the case. The mudflat and salt marsh along the whole length of the Main Channel 
in particular experienced frontal erosion (Appendix 44) indicating that the cause of 
the erosion was more likely to be due to the slumping of the intertidal sediment in to 
dredged  channels.  Further  evidence  of  slumping  was  the  pattern  of  intertidal 
accretion along the western shore lining the eroded intertidal habitats on the western 
shore of the Main Channel (Appendix 44). 
 
Between 1965 and 1976 there was a major programme of development on the upper 
Test  for  the  handling  of  container  traffic  with  capital  dredging  of  the  approach 
channel  (ABP  Research  &  Consultancy  Ltd,  1995a,  Horter,  2003a),  resulting  in  a 
decrease in the volume of sediment stored in both the channel and intertidal habitats 
(Figure 5.36). Also in both the Itchen and Hamble Estuaries dredging activities during 
this  epoch  resulted  in  the  decline  of  sediment  stored  in  both  the  channel  and 
intertidal. However despite the impact of these dredging activities on these reaches 
the overall impact on the Southampton Water sediment budget was counteracted by 
the main channel acting as a sediment sink following major dredge campaigns in the 
previous epoch resulting in channel accretion (Figure 5.48).   
 
Between both 1976 to 1996 and 1996 to 2001 there was a dredge campaign which 
spanned both epochs between 1994 and 1997. This campaign was to deepen the 
approach channel between Fawley and the container terminal from 10.2m below CD 
to 12.6m below CD (ABP Research & Consultancy Ltd, 1995a, Horter, 2003a). In both 
epochs there was a decrease in both the volume of salt marsh and mudflat (Table 
5.28) which indicates that direct removal in association with the dredging activities 
occurred  or  there  was  a  slumping  of  the  intertidal  sediment.  Evidence  for  the 
slumping  of  the  intertidal  sediment  is  shown  in  Appendix  46  and  Appendix  47 
through the frontal erosion of both salt marsh and mudflats on the Main Channel. 
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Between 2001 and 2008 there was accretion of the channel, salt marsh and mudflat 
and a large maintenance dredge indicating that following the capital dredge in 1994 
to 1997 (ABP Research & Consultancy Ltd, 1995a, Horter, 2003a) the channel was 
attempting to re-establish a morphodynamic equilibrium state through accretion. 
    
The estuary response to capital dredging therefore is given enough time to respond 
the  channels  will  infill.  Given  the  rates  of  channel  accretion  and  the  volume  of 
maintenance dredging required this can happen quite quickly. This places a sediment 
demand on marine sources to balance the Southampton Water sediment budget. 
 
The overall changes in sediment demands during these periods indicate that: 
1)  Input  of  sediment  from  rivers  and  cliff  erosion  to  the  Southampton  Water 
sediment budget was negligible. 
2)  The major output of sediment from the estuary was through dredging. 
3)  Capital dredging results in the destabilisation of intertidal sediment stores. 
4)  Following a capital dredge the dredged channel acts as sediment sink placing 
a demand for marine sediment to balance the sediment budget.   
5)  In order to understand the response of the estuary to pressures the study of 
the change in the sediment budget over time was invaluable, it highlighted 
typical responses and reaction times to major events.  
6)  By investigating the change in the sediment budget by reach and over the 
entire  estuary  it  was  highlighted  that  overall  changes  in  one  reach  can 
counteract the impacts in another. 
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Period  Input  Change in Storage (Excluding land claim) (Erosion represents an increase in the sediment 
available to the rest of the system, and accretion a sediment demand) 
   River  Error 
(Plus) 
Error 
(Minus) 
Cliff  Error 
(Plus) 
Error 
(Minus) 
Channel  Error 
(Plus) 
Error 
(Minus) 
Mudflat  Error 
(Plus) 
Error 
(Minus) 
Salt 
marsh 
Error 
(Plus) 
Error 
(Minus) 
2001-
2008 
5.1  28.5  3.3  9.1  6.5  6.5  -227.4  19.6  8.9  -90.4  16.9  14.4  -416.4  77.3  91.9 
1996-
2001 
5.1  28.5  3.3  9.1  6.5  6.5  1,968.2  136.4  119.9  1,526.5  237.5  217.1  35.1  4.7  4.1 
1976-
1996 
5.1  28.5  3.3  3.2  2.9  2.9  1,093.0  92.8  82.0  466.3  76.4  61.7  632.0  109.2  115.8 
1965-
1976 
5.1  28.5  3.3  12.6  5.8  5.8  -1,107.3  120.4  190.2  24.7  4.0  3.6  130.3  22.7  23.7 
1947-
1965 
5.1  28.5  3.3  18.3  2.6  2.6  2,212.7  278.4  219.0  1,335.3 
 
224.7  221.4  910.4  141.3  156.3 
1932-
1947 
5.1  28.5  3.3  12.4  3.7  3.7  -463.4  65.5  40.2  -2,476.2  408.8  402.8  2,252.8  126.3  149.6 
1911-
1932 
5.1  28.5  3.3  12.5  3.4  3.4  353.5  53.2  37.1  337.8  46.4  46.0  495.0  26.5  32.0 
1894-
1911 
5.1  28.5  3.3  8.6  5.1  5.1  148.3  32.0  16.0  47.6  8.9  8.2  -255.7  23.6  58.6 
1783-
1894 
5.1  28.5  3.3  2.6  1.5  1.5  466.8  84.6  52.2  1,327.7  136.4  91.1  -1,114.4  175.6  170.8 
Table 5.28 Southampton Water Sediment Budget 1783-2008 (x10
3 m
3/yr) (continued overleaf) 
 
 Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 254- 254 -- 
Period  Outputs  Volume of 
sediment needed 
to balance budget 
(Positive represents 
marine input, 
negative marine 
output) 
Volume of sediment needed to 
balance budget (Positive represents 
marine input, negative marine output) 
   Capital 
Dredging 
Error (Plus)  Error (Minus)  Maintenance 
Dredging 
Error 
(Plus) 
Error 
(Minus) 
   Marine 
Exchange 
Error 
(Plus) 
Error (Minus) 
2001-2008  0.0  0.0  0.0  -804.8  402.4  402.4  -1524.8  1524.8  280.3  280.5 
1996-2001  -1968.2  136.4  119.9  -469.6  234.8  234.8  1106.3  -1106.3  696.5  574.3 
1976-1996  -1093.0  92.8  82.0  -865.2  432.6  432.6  241.3  -241.3  -882.4  -846.7 
1965-1976  0.0  0.0  0.0  -462.5  231.3  231.3  -1397.2  1397.2  207.4  167.6 
1947-1965  -2212.7  278.4  219.0  -311.2  155.6  155.6  1958.1  -1958.1  378.1  339.7 
1932-1947  0.0  0.0  0.0  -408.9  204.5  204.5  -1031.5  1031.5  341.2  364.5 
1911-1932  -353.5  53.2  37.1  -109.1  54.6  54.6  741.2  -741.2  232.8  176.8 
1894-1911  -148.3  32.0  16.0  -217.5  108.7  108.7  -411.9  411.9  150.6  123.2 
1783-1894  -466.8  84.6  52.2  -112.1  56.1  56.1  108.8  -108.8  199.3  174.2 
Table 5.28 continued Southampton Water Sediment Budget 1783-2008 (x10
3 m
3/yr) (Blue shows a sediment input such as through the erosion 
of the intertidal habitats or input of marine sediment, pink shows where there was an output to the sediment budget such as through dredging 
or accretion of the intertidal habitats or output of marine sediments).  
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Figure 5.52 Average annual volume of sediment required from marine exchange to balance the Southampton Water sediment budget 1894 to 
2008. (x10
3 m
3/yr) Major periods of capital dredging on the Main Channel are shown in pink. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Figure 5.53 Deviation in the components of the Southampton Water sediment budget between 1783 and 2008. Blue shows periods where there 
was an increase and pink a decrease in the sediment demand to balance the sediment budget from marine sources. The error associated with 
these figures is shown in Table 5.28, not shown to simplify trend comparisonElizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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5.6.5  Southampton Water Equilibrium State  
The ratio of average intertidal flat height to tidal range (H
f/H), intertidal flat area to 
basin  area  (A
f/A
b)  and  channel  volume  and  tidal  prism  (V
c/P)  are  expected  to  be 
approximately  constant  when  an  estuary  is  in  dynamic  equilibrium  (Rossington 
2008). The ratios which indicate equilibrium state of the mudflats and channels were 
calculated from historic data as shown in Table 5.29. 
The  ratio  of  H
f/H  has  remained  fairly  constant  throughout  the study  period at an 
average of 0.4. There was a slight increase in the ratio between 1947 and 1965 from 
0.40  to  0.50;  this  coincided  with  the  possible  dieback  of  S.anglica  on  the  Main 
Channel  releasing  sediment  to  the  mudflat  causing  an  increase  in  the  average 
mudflat height.  
The ratio of
 A
f/A
b declined during the study period from 0.5 in 1783 to 0.3 in 2008, 
as shown in Table 5.29 this was due to a decrease in the intertidal flat area from 23.4 
x 10
6m
3 to 8.6 x 10
6m
3 between 1783 and 2008. The change in the ratio occurred 
between 1894 and 1911 as vast areas of intertidal flat were colonised by S.anglica 
which  caused  a  reduction  in  intertidal  flat  area.  Between  1911  and  1932  a  large 
volume of intertidal flat was removed for the development of the Eastern Dock and 
the first stage of the land claim of Dibden Bay resulting in a reduction in intertidal 
flat area. A further period of change was between 1947 and 1965; this coincided with 
the largest phase of the land claim of Dibden Bay (1962-1970).  The overall impact 
was that by 2008 the intertidal area was small compared to the basin area. Between 
1932  and 1947  there  was  a  slight  increase in  intertidal  flat  area,  this could have 
related to accretion of the Bunny Meadows realignment site on the Hamble Estuary. 
The ratio of V
c/P represents the ratio between the channel volume and tidal prism. 
There has been a change in this ratio from 0.3 in 1783 to 1.2 in 2008 this was due to 
an increase in the channel volume through capital dredging activities and a decline in 
the tidal prism through land claim during the study period (Table 5.29). Referring to 
Table 3.2 and Table 5.29 the changes were as follows:  
1783  to  1894: Ratio  altered from  0.3  to  0.5-  Capital  dredges  through  this  period 
increased channel depth to 9.3m 
1911  to  1932: Ratio  altered from  0.5  to  0.6-  Capital  dredges  through  this  period 
increased channel depth to 10.2m 
1947 to 1965: Ratio altered from 0.6 to 0.9- Capital dredge between 1950 and 1951 
deepened and widened navigational channel Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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1976  to  1996: Ratio  altered from  0.9  to  1.1-  Capital  dredges  through  this  period 
increased channel depth to 12.6m (between 1994 and 1997) 
1996  to  2001: Ratio  altered from  1.1  to  1.3-  Capital  dredges  through  this  period 
increased channel depth to 12.6m (between 1994 and 1997) 
The tidal prism decreased between 1783 and 2008 due to a number of land claims as 
highlighted  in  Table 3.6.  The channel volume now  appears  too  large  for the tidal 
prism. 
Between 2001 and 2008 there was a decrease in the ratio of channel volume to tidal 
prism relating to the accretion of the intertidal. This was in a period when there was 
no major capital dredging on Southampton and indicates that if the estuary remains 
unchanged  for  a  long  enough  period  of  time  it  would  attempt  to  re-establish 
equilibrium state through morphological changes. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 259- 259 -- 
 
  
 Year 
Intertidal Flat Height 
(m) 
  
LAT (m 
below 
ODN) 
Intertidal Flat 
Height 
above LAT (m) 
(Hf) 
H 
Tidal Range (m) 
Hf/H 
Intertidal Flat Height/ 
Tidal range 
1783  -0.76  2.62  1.86  4.65  0.4 
1894  -0.97  2.62  1.65  4.65  0.4 
1911  -0.98  2.61  1.63  4.65  0.4 
1932  -0.78  2.60  1.82  4.65  0.4 
1947  -0.72  2.58  1.86  4.65  0.4 
1965  -0.58  2.76  2.17  4.82  0.5 
1976  -0.77  2.97  2.20  5.19  0.4 
1996  -0.69  2.70  2.00  4.79  0.4 
2001  -0.70  2.85  2.15  5.16  0.4 
2008  -0.65  2.78  2.13  4.97  0.4 
 
 Year  Intertidal Flat Area (x 
10
6m
2) 
Basin Area (x 
10
6m
2) 
Af/Ab Intertidal flat area/ Basin Area 
1783  23.37  43.64  0.5 
1894  14.40  39.81  0.4 
1911  13.98  39.69  0.4 
1932  11.85  37.56  0.3 
1947  13.56  37.55  0.4 
1965  10.67  36.45  0.3 
1976  9.87  33.51  0.3 
1996  9.12  33.31  0.3 
2001  8.60  33.23  0.3 
2008  8.61  33.33  0.3 
 
         Vc/P 
 Year  Channel Volume (x 10
6 m
3)  Tidal Prism (x 10
6 m
3)  Channel Volume/ Tidal Prism 
1783  178.84  559.08  0.3 
1894  225.65  450.88  0.5 
1911  225.64  446.48  0.5 
1932  231.26  390.58  0.6 
1947  223.60  381.36  0.6 
1965  261.27  294.91  0.9 
1976  243.83  260.35  0.9 
1996  264.80  231.43  1.1 
2001  272.20  217.63  1.3 
2008  270.61  221.18  1.2 
 
Table  5.29  Summary  of  key  changes  in  the  Estuary  between  1783  and  2008  as 
indicators of equilibrium 
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5.6.6   Southampton Water Results Summary 
Table  5.30  highlights  the  main  outcomes  of  the  analysis  of  the  state  of  dynamic 
equilibrium and its components for Southampton Water. Taking in to account errors 
associated with data between 1783 and 2008 on Southampton Water, there was: 
-  A net decline mudflat which decreased in volume from 460.7 (+47.3/-31.6) 
x10
6m
3 to 170.7 (+35.8/-28.2) x10
6m
3  (Table 5.27) 
-  A  net  decline  in  salt  marsh  volume  which  decreased  in  volume  from  98.4 
(+23.7/-24.1) x10
6m
3 to 50.5 (+9.3/-13.1) x10
6m
3  (Table 5.27) 
-   A  net  increase  in  channel  volume  which  increased  in  volume  from  178.8 
(+32.4/-20.0) x10
6m
3  to 270.6 (+18.3/-14.9) x10
6m
3 therefore sediment stored 
in channel decreased by 91.8 (+16.6/-10.3) x10
6m
3  (Table 5.27) 
-  Large  scale  immobilisation  of  sediment  in  Southampton  Water  related  to 
industry growth, particularly port expansion and urbanisation, a total of 255.4 
(+61.6/-62.6)  x  10
6m
3  of  sediment was claimed from the channel, mudflats 
and salt marsh 
-  Changes  in  salt  marsh  and  mudflat  sediment  volume  excluding  land claim 
prior to 1947 were strongly related to the growth and dieback of S.anglica. 
-  The response of  the estuary  to  capital  dredge activities appeared to cause 
intertidal  erosion  as  well  as  the  expected  increase  in  channel  volume. 
Following major dredge activity the estuary acted as a sediment sink with the 
stabilisation of mudflat and salt marsh loss and an infilling of the channel 
with a related increase in maintenance dredging.  
-  The  sediment  budget  calculations  showed  that  the  estuary  had  altered 
between 1783 and 2008 several times and from a state in which inputs and 
outputs  were  almost  equal  to  one  which  required  net  marine  import  to 
balance the sediment budget (Table 5.28).  
-  Through a combination of land claim and capital dredges the estuary is no 
longer in equilibrium. The tidal prism is too small for the basin area (Table 
5.29). The linear distribution of energy in Southampton Water by 1996 was 
indicative  of  a  system  doing  uniform  rather than  minimal  work,  this  being 
characteristic of a canal or other similar linear system (Townend and Dunn 
(2000)) .  
-  These results will now be discussed in Chapter 6. Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Reach  Energy Dispersal 1783, 1926 
and 1996 (Price & Townend, 
2000). 
Morphology  Sediment Budget  Dynamic Equilibrium 
Southampton 
Water 
The linear distribution of energy in 
Southampton Water by 1996 was 
indicative of a system doing 
uniform rather than minimal work, 
this being characteristic of a canal 
or other similar linear system.  The 
differences from the most 
probable state curves suggest that 
the component estuaries are 
much closer to the most probable 
state than the system as a whole. 
In a reflection of this work 
Townend and Dunn (2000)  stated 
that in order to move towards the 
most probable state the energy 
distribution needs to reduce over 
extensive lengths or increase 
through the mouth. 
 
Throughout Southampton Water 
S.anglica caused an increase in salt 
marsh volume and decrease in 
mudflat volume in the 1800s to early 
1900s. The subsequent dieback of 
S.anglica resulted in sediment being 
released to feed mudflat areas. 
There has been an increase in the 
channel depth and decrease in 
channel surface area in all reaches 
of Southampton Water due to port, 
marina and industrial developments. 
These developments have also led to 
a direct reduction in salt marsh and 
mudflat area.  The uninterrupted 
increase in the fragmentation of salt 
marsh areas within Southampton 
Water since 1976 indicates that if 
this trend continues it will result in 
the disappearance of the salt 
marshes.   
Between 1783 and 2008 the demand for 
sediment by Southampton Water to balance its 
sediment budget has increased.  
Sediment demands were caused by the growth 
of S. anglica, managed realignment; years 
following capital dredging in which 
maintenance dredging volumes were large 
while subtidal accretion took place and years in 
which connecting reaches required additional 
sediment. 
Net export of sediment related to capital 
dredges which encouraged the erosion of 
intertidal habitats. 
Due to the continued dredge activity within Southampton 
Water the conditions for equilibrium to be achieved keep 
shifting therefore overall Southampton is not in 
equilibrium state. The time available for the estuary to 
adjust to changing conditions is not enough to establish a 
new equilibrium state before further changes are then 
made. 
 
Table 5.30 Dynamic Equilibrium Conclusions Southampton Water 
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6.  Discussion 
As outlined in Chapter 1.5, the aim of this thesis was „to use the Driver-Pressure-
State-Impact-Response  (DPSIR)  framework  to  identify  the  natural  and 
anthropogenically induced drivers and pressures which act upon estuaries, and how 
these can alter the morphological equilibrium of an estuary. The dynamic equilibrium 
of an estuary is dependant on the state of energy dispersal, estuary morphology and 
the sediment budget. By identifying the relationship between estuary pressures and 
state  this  thesis  aimed  to  illustrate  how  improved  understanding  of  an  estuary’s 
dynamic equilibrium and its components can guide sustainable estuary management’. 
This was undertaken for a general estuary and then applied to the case study site of 
Southampton Water.   
In this chapter the way in which this thesis achieved this aim will be presented and 
discussed.  The  outcomes  of  this  study  will  be  placed  in  a  wider  context  and 
suggestions for further complimentary studies will be made. Finally suggestions for 
improvements to future estuarine monitoring with regard to assessing the cumulative 
impact of long term activities such as dredging will be outlined. 
6.1  Achievement of Objectives 
In Chapter 1 a series of objectives were outlined which this thesis aimed to achieve. 
The way in which this study has achieved these objectives is detailed below along 
with a discussion of the results presented in Chapter 5.  
Objective  1:  Identify  the  natural  and  anthropogenic  pressures  placed  on  the 
estuarine  environment,  and  potential  impacts  to  energy  dispersal,  estuary 
morphology and the sediment budget. 
In Chapter 2 a literature review was presented in which the dynamic equilibrium was 
defined as a state to which a system such as an estuary will tend to evolve, where the 
energy distribution is the minimal possible (Prigogine, 1955). The key elements which 
determine  the  „dynamic  equilibrium‟  state  were  found  to  be  energy  input, 
morphology and sediment transport (Cooper et al., 2001a, Cooper & Pethick, 2005). A 
change  in  one of  these elements will drive a change in one or more of the other 
components in order to re-establish equilibrium state. The inter relationship between 
these  elements  meant  that  in  order  to  understand  the  impact  of  natural  and 
anthropogenic drivers and pressures on an estuary all three components had to be 
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The Driver, Pressure, State Impact and Response (DPSIR) framework (OECD, 1993) was 
used to outline the human activities and environmental factors which can influence 
the equilibrium state of an estuary and its components, these were summarised in 
Table 2.2 and Table 2.3. This framework was then applied to the case study example 
of Southampton Water, an industrialised estuary on the South Coast of England, as 
summarised in Table 3.11 and Table 3.12.  
The DPSIR framework was a useful method with which to identify the key drivers and 
pressures which can influence change within an estuary. The DPSIR framework was 
applied to a generic estuary; however the drivers and pressures are estuary-specific. 
This can be seen through comparison of the DPSIR framework for a generic estuary 
(Table  2.2  and  Table  2.3)  and  that  for  Southampton  Water  (Table  3.11  and  Table 
3.12).  
The review of existing literature enabled the relative importance of the drivers and 
pressures faced by Southampton Water to be assessed in Table 3.11 and Table 3.12. 
Rising  sea  levels  were  assessed  to  be  of  low  importance due to  there  being little 
change in tidal levels during the study period (Appendix 1); both trampling and ship 
wakes were considered to have localised impacts; the impacts of pollution were also 
localised and of minimum duration; the impacts of changes in precipitation was low 
due to the low fluvial input in to the sediment budget (although flash floods could 
increase the sediment input over the short term); and sea defence in Southampton 
Water was deemed of low importance due to the low rates of cliff erosion.    
The  major  drivers  and pressures  on  Southampton  Water were  associated  with  the 
development of the port industry on the estuary resulting in land claim and dredging; 
the development of urban areas and industry and the impacts of shipping. Shipping 
resulted in the introduction of S.alterniflora to the estuary which crossed with the 
native  salt  marsh  species  S.maritima,  the  subsequent  colonisation  and  die-back 
associated  with  its  hybrid,  S.anglica  resulted  in  major  changes  to  the  state  of 
intertidal habitats on the estuary. Also the impacts of coastal defence on the western 
Solent  and  Isle  of  Wight  were  important  as  their  presence  minimises  the  marine 
sediment available to Southampton Water. These pressures were understood to be 
important due to their large scale, long term impacts and were therefore the focus of 
further investigation into their impacts.  
In order to understand the source and geographical extent of various pressures on 
the estuary Southampton Water was split into different reaches, these being the Test 
Estuary, the Hamble Estuary, the Itchen Estuary and the Main Channel (Figure 3.5 and 
Table 3.2 show how these reaches were defined). Through the review of literature it 
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in Southampton Water. There was also a gap in the understanding of the relationship 
between  this  state  and  the  impact  of  drivers  and  pressures  over  time.  More 
specifically- 
The morphological change of salt marsh and mudflat between 1889 and 2003 was 
investigated by Williams (2006); however this study did not examine change in the 
channel and had focused on quantifying changes in terms of area not of sediment 
volume.  
A  sediment  budget  was  undertaken  by  Townend  (2007)  and  ABP  Research  and 
Consultancy (2000) however these sediment budgets did not define the response of 
the  estuary  to  past  reclamations  and  dredging.  These  previous  studies  had  not 
quantified the change in the sediment budget of the Hamble and Itchen estuaries 
therefore it was unclear whether these estuaries were counteracting changes in the 
Main Channel and Test estuary by accumulating eroded sediment or also demanding 
sediment to balance. It was unclear how accurate previous sediment budgets were 
and where the limitations in the data they used lay. 
The state of the dynamic equilibrium was calculated by Rossington (2008), however 
investigations excluded changes in the Hamble and Itchen. It was therefore unclear 
whether the whole estuary was out of equilibrium, how far out it was and what the 
major causes were over time. 
Chapters  4  and  5  of  this  thesis  aimed  to  address  these  gaps  in  knowledge  by 
providing an original contribution to the understanding of the impacts of drivers and 
pressures  on  Southampton  Water  by  quantifying  the  change  in  the  morphological 
state,  sediment  budget  and  equilibrium  state  of  the  entire  estuary  including  the 
Hamble and Itchen estuaries between 1783 and 2008 and calculation of the error 
associated  with  these.  The  time  scale  over  which  estuarine  change  was  analysed 
enabled  interpretation  of  the  period  over  which  various  pressures  can  influence 
equilibrium state. 
Objective 2: Quantify the historic sediment budget for an industrialised estuary, 
using Southampton Water as a case study site, and investigate the relationships 
between changes in the pressures placed on an estuary and its changing energy 
dispersal and morphology  
 
The conceptual sediment budget for Southampton Water was presented in Figure 3.7; 
this  highlighted  the  components  of  the  budget.  The  methods  by  which  these 
components  were  quantified  were  outlined  in  Chapter  4,  and the  results  of  these 
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the  estuary  were  quantified  through  calculation  of  the  change  in  the  volume  of 
sediment  stores.  The  change  in  the  energy  dispersal  in  the  estuary  reaches  was 
investigated by Townend and Dun (2000) and was presented with these results in 
order  to  complete  the  review  of  the  change  in  the  components  of  the  dynamic 
equilibrium  of  the  estuary  over  the  study  period.  The  change  in  the  dynamic 
equilibrium for each of these reaches was calculated as well as for the estuary as a 
whole in Chapter 5 (Objective 4). These results will now be discussed in relation to 
the literature review presented in Chapters 2 and 3 of this thesis. 
As outlined in Chapter 5.6.4 the components of the Southampton Water sediment 
budget were:  
River Input + Cliff Input + Change in Sediment Stores (Channel and Intertidal) – 
Dredging  Output  +  Sediment  Immobilised  by  Land Claims = Marine Exchange 
(Equation 6-1 Southampton Water Mass Balance Equation)  
In  agreement  with Townend (2007) and ABP Research and Consultancy  (2000) the 
input  of  sediment  from  eroding  cliffs  on  the  estuary  and  input  from  rivers  was 
negligible. The limitations of the data collected to quantify these sources as outlined 
in Chapter 4.3 was therefore not of high importance. However on an estuary with 
greater cliff  or  river  sediment  input it would be suggested that future monitoring 
would be required of the input of sediment from these sources given the quality of 
historic data.  
Calculation of the Southampton Water sediment budget revealed that between 
1783 and 2008 one of the major influences of change on Southampton Water 
was  land  claim.  The  influence  of  land  claim  had  not  been  included  in  existing 
sediment  budgets  for  Southampton  Water.  Overall  the  volume  of  sediment 
immobilised by land claim activities on Southampton Water was 255.4 (+61.6/-62.6) x 
10
6m
3, this was claimed from the channel, mudflats and salt marshes (Figure 5.49). 
Table 3.6 summarises the major land claim activities on Southampton Water which 
included urbanisation, marina and quay developments, road and rail developments; 
agricultural development; port development; and development of the energy industry. 
Land  claims  reduced  the  volume  of  sediment  available  to  the  rest  of  the  estuary 
system to adjust to other pressures such as the impacts of dredging. Land claims 
have also reduced the accommodation space available for intertidal habitats to adjust 
to the pressures of rising sea levels.   
Land  claim  activities  have  changed  the  structure  of  the  estuary  resulting  in  a 
narrowed tidal prism. This was particularly apparent in the Test Estuary as a result of 
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strategic  land  claim  at  Dibden  Bay  for  future  port  development  Appendix  42, 
Appendix 44 and Appendix 45). Other land claims such as for the Esso Oil Refinery 
resulted  in  claimed  land  protruding  into  the  estuary  potentially  altering  sediment 
dynamics  (Appendix  44).  Puente  et  al.  (2002)  and  Yang  et  al.  (2003)  found  land 
claims which protrude into an estuary can reduce its width causing a constriction of 
wave energy and tidal flow resulting in sediment being transported further into the 
estuary  before  being  deposited.  The  land  claim  at  Fawley  could  therefore  be 
contributing to sediment being carried further towards port facilities which lie in the 
upper reaches of the Main Channel and Test Estuary. Pye and French (1993) found 
that as land claim results in a reduction of the intertidal area but the cross sectional 
area of the entrance channel remains the same, frictional dissipation of tidal energy 
will  be  reduced,  the  flood  tidal  range  and  current  velocities  will  increase  and  the 
remaining  intertidal  area  is  likely  to  experience  erosion.  Land  claim  in  the  Test 
Estuary in particular caused a dramatic decrease in intertidal area during the study 
period  and  the  remaining  mudflat  has  experienced  erosion,  therefore  changes  in 
current velocities caused by land claim could be a potential contributing factor.  
Both  the  land  claims  associated  with  Dibden  Bay  and  the  Fawley  Power  Station 
resulted in the once almost continuous salt marsh lining the western shore being 
split into three distinct patches contributing to the fragmentation of the habitat and 
an increase in the remaining surface area exposed to erosive forces. 
Dredging activities resulted in the largest output of sediment from the estuary. 
Between  1783  and  2008  193.8  (+/-96.9)  x10
6m
3  of  sediment  was  removed 
through dredging activities, 45% of which was through maintenance dredging. 
Between 1889 and 1997 capital dredge activities resulted in the deepening of the 
main navigational channel to the Port of Southampton and container terminal from 
7.4m below CD to 12.6m below CD (Table 3.5). These activities have had the effect of 
increasing the volume and area of the channel. Between 1783 and 2008 there was 
a  net  increase  in  the  channel  volume  from  178.8  (+32.4/-20.0)  x  10
6m
3  to  270.6 
(+18.3/-14.9)  x  10
6m
3,  therefore the sediment  stored  in  the channel decreased  by 
91.8 (+16.6/-10.3) x 10
6m
3.  
Although  previous  studies  had  shown  that  dredging  was  the  largest  output  of 
sediment from the Southampton Water sediment budget due to their  lack of historic 
analysis  it  was  unclear  as  to  whether  following  capital  dredge  events  the  estuary 
infilled and if it did whether the infilling sediment came from marine or intertidal 
sources.  
The results of historical analysis from this study showed that on Southampton Water 
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between  capital  dredge  activities  occurred  the  channel  accreted  resulting  in  large 
maintenance dredge requirements in some years to maintain channel depths.  
The infilling of the main channel following capital dredge activities between 1947 and 
1965 was shown to counteract works on both the Test, Itchen and Hamble Estuaries 
between 1965 and 1976 resulting in overall channel accretion in the estuary (Figure 
5.48). This both emphasised the need to investigate the change in the reaches to 
fully understand the extent of change caused by various pressures and the overall 
interconnectivity of sediment transport between reaches.    
 
These  finding  were  in  agreement  Nicholls  (1988)  who  stated  that  an  estuary 
subjected  to  capital  dredging,  if  left  alone with  an  adequate sediment  supply  will 
accrete back to its earlier form to re-establish an equilibrium depth in accordance 
with tidal hydraulics. This has placed a net demand for sediment input to balance the 
sediment budget between 1783 and 2008. The sediment budget for Southampton 
Water as displayed in Table 5.28 shows that this sediment demand was met through 
the  change  in  intertidal  sediment  stores  and  an  input  of  sediment  from  marine 
sources.  
 
Between 1783 and 2008 there was a net decline in mudflat area and volume from 
460.7  (+47.3/31.6)  x  10
6m
3  to  170.7  (+35.8/-28.2)  x  10
6m
3  (Table 5.27).  This  was 
mainly  through  land claim  activities  (Table 5.24)  however  there was also evidence 
that  capital  dredging  influenced  this  state  (Figure  5.50).  Mudflat  could  have  been 
removed  through  direct  dredging,  for  example  between  1950-51,  historic  records 
state that the estuary was widened through dredging (ABP Research & Consultancy 
Ltd,  1995a,  Horter,  2003a)  and  this  could  have  included  the  removal  of  mudflat 
however  it  is  unclear  from  historic  records  what  proportion  of  the  mudflat  was 
removed  intentionally.  The  frontal  loss  of  mudflat  (as  shown  in  the Main  Channel 
between 1976 and 1996 (Appendix 46)) could have also been caused by slumping of 
the  mudflat  into  dredged  channels.  Evidence  of  mudflat  erosion  as  a  result  of 
dredging  was  presented  in  Chapter  5.5.4  in  particular.  Appendix  44  showed  that 
dredging  activities  between  1947  and 1965  were  related  to the frontal erosion  of 
mudflats  and  the  accumulation  of  sediment  along  the  western  shore  lining  the 
eroded habitats indicating slumping had occurred. The changes in the components of 
the sediment budget for all four reaches showed that intertidal erosion occurred at 
increased rates in the epochs that capital dredging had occurred (Figure 5.12, Figure 
5.24, Figure 5.36 and Figure 5.48). This agrees with findings by French (1997), who 
reported that deepening and widening approach channels changes tidal propagation 
leading  to  erosion  of  foreshores  and  a  reduction  in  the  volumes  of  sediment 
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intertidal profile naturally responds to changes in channel depth by attempting to 
level out, with the profile generally becoming steeper (Figure 2.9). A steeper intertidal 
profile is more susceptible to creek incision and gulley erosion.  
There has been an overall decline in salt marsh volumes between 1783 and 2008 
in Southampton Water from 98.4 (+23.7/24.1) x 10
6m
3 to 50.5 (+9.3/13.1) x 10
6m
3 
(Table 5.24). By comparing the change in mudflat and channel volumes to the change 
in salt marsh volumes (Figure 5.50) prior to 1947 the salt marsh change appeared 
to be conditional on the status of S. anglica rather than upon a change in channel 
volume. For example between 1783 and 1894 the salt marsh accreted and there was 
an almost equal decline in mudflat volume at the landward edge, this indicated that 
the mudflat was colonised by S.anglica which could withstand lower tidal ranges for 
growth  (Table  5.24  and  Appendix  40).  There  were  also  historic  sightings  of  the 
predecessor‟s to the hybrid S.anglica in the estuary at this time (Groves & Groves, 
1880,  Marchant,  1967).  Dieback  of  S.anglica  is  thought  to  be  caused  by  several 
factors including the genetic instability of the plant (Chapter 3.5.4). Dieback started 
on the Hamble Estuary and caused a decline in salt marsh volume between 1894 and 
1911 (Appendix 5) while salt marsh on the Itchen was still accreting (Appendix 17). 
Between 1911 and 1932 dieback had started on the Main Channel (Appendix 42) and 
Itchen  (Appendix  18).  During  this  epoch  the  Hamble  experienced  the  greatest 
declines in salt marsh volume despite the accretion of a managed realignment site 
created in the 1930s (Appendix 7). Between 1932 and 1947 there was the largest 
decline in salt marsh volumes on the Main Channel (Appendix 43). The dieback of 
S.anglica in all these cases was also related to the increase of mudflat area at the 
landward edge indicating sediment stored in the salt marsh roots was released to 
feed the mudflats.  
From  1947  to  2001  the  rate  of  salt  marsh  decline  was  not  equalled  by  mudflat 
accretion  (Table  5.28).  Evidence  between  1947  and  1965  (Appendix  44)  and 
between  1976  and  2001  (Appendix  46  and  Appendix  47)  showed  that  capital 
dredge  activities  were  related  to  the  frontal  erosion  of  salt  marsh  as  well  as 
mudflats  further  indicating  that  dredge  activities  resulted  in  the  slumping  of 
intertidal  sediments  in  to  dredged  channels.    This  pattern  of  intertidal  erosion 
indicates that the stabilisation of salt marsh through the colonisation of S.anglica 
may have effectively reduced the impacts of capital dredging activity prior to 1947.  
From analysis of the fragmentation index (Equation 4.6) of the salt marsh areas and 
perimeters on Southampton Water it was found that the salt marshes have become 
more fragmented between 1783 and 2008 and therefore are more susceptible to 
erosion. Salt marsh on Southampton could therefore disappear if this fragmentation 
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Following  capital  dredge  activities  the channel was  seen  to  infill  demanding  large 
maintenance dredges. The eroded sediment from the intertidal habitats would have 
contributed to this volume with the deficit being from marine sources. As dredge 
sediment is removed from the estuary system and deposited at the Nab Tower 
(Figure 1.1) (or in bad weather at Hurst Fort) this means that sediment eroded from 
the  foreshore  and  inputted  from  marine  sources  that  would  have  been 
potentially been redeposited on inter-tidal habitat was completely removed. This 
reduces  the  potential  sediment  supply  required  for  salt  marsh  and  mudflats  to 
recover from short term erosion events and keep pace with rising sea levels and keep 
their position  in  the tidal  frame  in  the long  term  (Morris,  2007).  This  means  that 
these intertidal habitats are essentially flooded more often and are more prone to 
erosion.  
The  main  supply  of  fine  sediment  to  estuaries  in  the  western  Solent,  including 
Southampton Water, comes from the eroding cliffs and seabed in Christchurch Bay 
(Bray et al., 1995, New Forest District Council, 2010b). However, despite continued 
active  erosion  this  supply  has  been  calculated  to  have  reduced  by  41%  from 
136,000m
3/yr, prior to 1932 to 80,000 m
3/yr after this time due to increased coastal 
protection in the region (Lawn, 2001). Therefore it could be that in the future marine 
sediment supplies are not sufficient to satisfy the sediment demand of the estuary 
meaning that the sediment budget will only balance through the erosion of intertidal 
habitats. 
As highlighted in Chapter 3.1, the consequence of a sediment starved estuary is 
that there is not enough sediment in the system to sustain European protected 
wetlands.  As  these  are  eroding  the  area  over  which  birds  can  roost  and  feed  is 
declining  (Chapter  3.1.1).  Additionally  salt  marshes  are  an  important  natural  sea 
defence which attenuate wave energy, as their area declines this places increased 
pressure on coastal defences, which could result in increased costs for the tax 
payer  to  protect  property  and  infrastructure  (Chapter  3.1.2).  The  decreased 
compaction  of  salt  marsh  on  Southampton  Water  (Figure  5.51)  shows  that  the 
remaining salt marsh has a wider surface area exposed to tidal energy. Combined 
with a reduction in sediment availability to sustain intertidal areas; this indicates that 
estuary management needs to focus on preventing further decline. 
These  findings  imply  that  management  should  focus  on  the  impacts  of 
dredging.  Such  management  could  include  stabilising  mudflats  during  capital 
dredge activities and recycling of dredge sediment within the estuary system 
(Williams  et  al.,  2010).  More  effort  should  be  made  to  ensure  that  the  long-term 
cumulative impacts of past activities on the estuary, such as land claim and dredging 
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assessment of impacts of new works, particularly on the Test and the Main Channel 
reaches. 
By  comparing  the  marine  sediment  demands  for  the  Hamble  (Figure  5.11),  Itchen 
(Figure 5.22), Test (Figure 5.33) and Main Channel (Figure 5.44) it can be seen that 
the  reaches  in  most  demand  for  sediment  are  the  Test  and  the  Main  Channel 
therefore  it  is  suggested  that  management  focuses  on  increasing  the  sediment 
supply to these areas of the estuary.  
Objective 3: Estimate the uncertainty in the sediment budget 
The advantage of a case study on Southampton Water was that data was available 
from 1783 to 2008 to study long term change on the estuary. In Chapter 4.3 the 
limitations of using the data sets collected were highlighted, this was summarised in 
Table 4.1 which summarised the data used in analysis and the confidence associated 
with it. It was highlighted for example that even though the data associated with river 
and cliff sediment input to the budget was low, due to the small sediment input from 
these sources this was not a limiting factor to the overall budget. However the marine 
input  of  sediment  was  of  high  importance to  the sediment  budget  however  there 
were  no  historic  direct  measurements  of  its  input  to  the  estuary.  The  marine 
exchange was therefore calculated to be the balance of the budget once all other 
sediment  inputs  and  outputs  were  calculated  making  it  important  that  the  errors 
associated with these other figures were determined.    
In Chapter 4.3 the methods used to calculate the error associated with each of the 
datasets used in this study were outlined. Through the calculation of error it was 
found that survey methods and the depiction of various features on maps can 
result in large errors associated with the various volumes which comprise the 
sediment  budget,  for  example  dredging  volumes  had  a  50%  error  range.  Other 
datasets such as readings on bathymetric charts used to quantify channel volume 
had an error associated with them that decreased over time through technological 
advances and changes in standards (as outlined in Table 4.4).  
Previous sediment budgets for Southampton Water had been criticised by Bray (2000) 
and  RACER  (2004)  as  they  had  not  included  the  error  associated  with  their 
calculations  and  therefore  the  confidence  associated  with  their  sediment  budget 
calculations was unknown. As seen in Chapter 5, for example Table 5.24, the error 
ranges can mean that morphological changes detected may not actually be „real‟ as 
due to data uncertainty there may not actually be proven evidence of change. This 
study however carried out an extensive review of the error associated with the data 
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ranges. This novel approach to assessing the error associated with the sediment 
budget on Southampton Water could be used to identify the error associated 
with  sediment  budget  calculations  on  any  estuary  and  has  important 
implications for making inferences based on long term datasets of this kind.    
Objective 4: Calculate the changes in the dynamic equilibrium of Southampton 
Water between 1783 and 2008 and relate these to the historical changes which 
have taken place within the estuary in order to identify which pressures have had 
the greatest impact on estuarine dynamics. 
 
As  outlined  in  Chapter  2.2  when  an  estuary  is  in  equilibrium  state  the  ratios  of 
average intertidal flat height to tidal range (H
f/H), intertidal flat area to basin area 
(A
f/A
b) and channel volume and tidal prism (V
c/P) are expected to be approximately 
constant (Rossington 2008). These ratios were calculated for the different sections of 
the estuary (Table 5.5, Table 5.11, Table 5.19, and Table 5.25) and for the whole of 
Southampton  Water  (Table  5.29)  to  investigate  how  the  equilibrium  state  of  the 
estuary had changed over time and which pressures had resulted in these changes. 
There was little change in the equilibrium state of the Hamble Estuary during the 
study period (Table 5.5) indicating that the estuary adjusted quickly to the changes 
caused  by  marina  developments  (Table  5.2),  these  being  a  lot  smaller  than  the 
changes  caused  by  capital  dredging  for  port  development  on  the  Test  and  Main 
Channel. This indicates that if the pressures causing morphological change are small 
enough then the estuary can adapt to the changing conditions. 
On the Itchen Estuary (Table 5.11) the estuary adjusted to an altered morphological 
state caused by pressures such as land claim  and dredging associated with wharf 
development which occurred before 1976. Since 1976 a steady state appears to have 
existed with no change in the ratio of intertidal flat area to basin area and channel 
volume to tidal prism since this time. This reflects a period when no capital dredging 
activities  were  recorded  and  there  was  a  reduction  in  land  claim  activities.  These 
changes  indicated  that  if  enough  time  exists  between  pressures  such  as  capital 
dredging taking place then an alternative steady state can form in agreement with 
(Ahnert, 1967). 
The  change  in  equilibrium  state  in  the  Test  Estuary  however  was  dramatically 
different. The Test Estuary was found to be out of equilibrium, with a channel volume 
being five times larger than the tidal prism in 2008 (Table 5.19). This agreed with 
analysis of equilibrium state in this part Southampton Water by Rossington (2011). 
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the Western Dock and the Prince Charles Container Terminal which had increased the 
volume of the channel (Table 3.5) and resulted in the immobilisation of large areas of 
intertidal habitat through land claim (Table 5.18).  
It was found that the equilibrium state of the whole estuary largely reflected that of 
the Main Channel (Table 5.25), probably as this comprised the largest proportion of 
the estuary. The indicators of equilibrium state on the Main Channel and overall on 
Southampton Water showed that by 2008 the tidal prism was too small for the size of 
the basin area (Table 5.29).  
Overall  the  biggest  influences  on  equilibrium  state  were  found  to  be  land  claims 
which  have  resulted  in  a  reduced  tidal  prism  through  the  immobilisation  of  salt 
marsh and mudflat sediments and dredging activities which have increased the basin 
area of the estuary (Table 5.29). These morphological changes have impacted on the 
energy dispersal in the estuary so that it now reflects that of a canal  (Townend & 
Dun, 2000) found that the energy dispersal in the estuary now reflects that of a 
canal (Chapter 5.6.1). This is because dredging removes seabed features which may 
have resulted in frictional dispersion of energy (1988) and the removal of vast areas 
of the intertidal area through land claim has also reduced the area over which energy 
could have dispersed (Pye & French, 1993). 
 
The  state  of  the  equilibrium  in  the  Test  Estuary  compared  to  the  other  reaches 
indicates that management should focus on this section of Southampton Water and 
on  the  Main  Channel  rather  than  the  Itchen  and  Hamble  estuaries.  As  the  Test 
Estuary and the Main Channel were not in a steady state by 2008 this means that the 
estuary in these reaches is still adjusting to past pressures. This has implications in 
assessing the impact of future pressures on these reaches as the cumulative impacts 
of past events therefore still need to be taken into account.  
Management of the estuary in the Test and Main Channel reaches should focus on 
increasing  the  intertidal  area  or  reducing  the  basin  area  in  order  to  achieve 
equilibrium state however this may conflict with the need to maintain access to the 
port facilities. This will also conflict with future management plans by the port to 
remain  competitive  with  others,  there  are  ever  increasing  vessel  sizes  being 
engineered  which  will  require  larger  channel  depths  to  accommodate  them  (ABP, 
2010).     
 
Objective 5: Use these results to make informed recommendations for the coastal 
management  of  the  estuary;  identify  potential  improvements  to  estuary 
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As stated above under Objectives 1 to 4 the main conclusions from the historical 
analysis of the change in morphology, sediment budget and equilibrium state of the 
estuary found that the main influences on Southampton Water were dredging, land 
claim and S. anglica growth and dieback, therefore these are the pressures which 
management of the estuary should focus upon. Management should primarily focus 
on the Test Estuary and Main Channel. Referring to both Table 3.11 and Table 3.12 
which reviewed the potential responses to these drivers and pressures the following 
recommendations for management of Southampton Water are made: 
1)  The management of sediment supplies.  
The  estuary  has  altered  from  a  system  which  net  exports  sediment  to  one where 
sediments need to be imported to balance the sediment budget, largely through the 
impacts  of  dredging  associated  with  port  development.  The  main  supply  of  fine 
sediment  to  Southampton  Water  from  marine  sources  has  reduced  (Lawn,  2001). 
Capital and maintenance dredging of Southampton Water result in sediment being 
removed completely from the estuary system; investigations in to how this sediment 
could be recycled to feed the estuary demands without increasing the requirement 
for  maintenance  dredging  should  be  assessed.  The  recycling  of  dredge  spoil  to 
maintain  sediment  budgets  has  been  undertaken  successfully  in  the  Humber  for 
example  (Smith  et  al.,  1997).  Another  method  is  to  recharge  intertidal  areas  with 
sediment,  examples  of  where  this  has  taken  place are shown in  Table 6.1.  Whilst 
intertidal schemes of this kind have long term benefits of retaining sediment within 
the estuary and the fine dredged materials being able to support productive benthic 
fauna, the short term effects can include smothering of benthic animals and plants 
and  the  risk  of  material  being  lost  from  the  recharge  site  (ABP  Research  & 
Consultancy  Ltd,  1999).  The  advantage  of  beneficial  use  schemes  is  that  the 
sediment  budget  can  be  maintained  as  sediment  is retained in the estuary rather 
than being disposed of at an external site (Paipai, 2003).  
 
The advantage for the reuse of dredge material for the operator is that it can cost 
less  to  transport  the  dredged  material  to  a  nearby  shoreline  in  need  of  recharge 
rather than to transport the material to a licensed area at sea (Cooper, 2004).   
 
Williams et al. (2010) identified that possible upcoming projects which could supply 
significant  volumes  of  dredged  sediment  to  Southampton  Water  include  the 
Associated  British  Ports‟  (ABP)  plans  of  i)  channel  deepening  to  improve  the  tidal 
access window of the main navigation channel for commercial shipping to the Port of 
Southampton and ii) the reconfiguration of an existing berth at the container terminal 
to  accommodate  deeper  draughted  vessels  depending  on  contamination  levels  of 
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As outlined in Chapter 1.2 one of the ongoing mitigation measures for the capital 
dredge  of  the  Southampton  Approach  Channel  Dredge  includes  retaining  a 
proportion of the material from the predicted increase in maintenance dredging (10-
15%, approximately 3,000-4,500m³ each year) associated with the capital dredge in 
the estuary system (Marine Management Organisation, 2013). Although this is a step 
towards decreasing the sediment lost from the estuary system through dredging and 
aims to respond to a specific project 10-15% is a small proportion of the total volume 
of sediment removed from the estuary system each year and more should be done to 
see whether this figure could be increased. As part of ongoing investigations in to 
the viability of increasing the volume of maintenance dredge material retained in the 
Mersey  Estuary  a  tracer  study  was  undertaken  by  Mersey  Docks  and  Harbour 
Company in which a tracer was added to dredge spoil dispersed at a mid- estuary site 
and the locations which the dredge spoil subsequently ended up monitored (Brooke, 
2013).  A  similar  study  could  be  useful  for  Southampton  Water  to  determine  how 
successful these planned mitigation measures are and could help further define the 
best in-estuary disposal ground to retain sediment in the system.  
 
Modelling demonstrated that the planned capital dredge would have an effect upon 
the  Solent  and  Southampton  Water  SPA  and  Ramsar  site  through  changes  to  the 
exposure of the intertidal habitat resulting in a loss of intertidal mud, which is an 
interest  feature  of  the  site  (ABP  Marine  Environmental  Research  Ltd,  2008b).  This 
study has shown that historic capital dredges were also associated with frontal salt 
marsh  erosion,  protected  under  the  Solent  Maritime  Special  Area  of  Conservation 
(SAC) (Joint Nature Conservation Committee (JNCC), 2004)  so it is strongly advised 
that monitoring of both the mudflat and salt marsh should be undertaken for any 
capital  dredge  activity  on  Southampton  Water  with  appropriate  mitigation  or 
compensation provided. 
 
In the case of the Solent and Southampton Water SPA and Ramsar site there were no 
viable mitigation measures that would prevent the 2.0 hectares of intertidal mudflat 
loss. Cobnor Point in Chichester Harbour is to provide a managed realignment site of 
6.5  hectares,  comprising  of  2.1  hectares  of  intertidal  mud  and  1.5  hectares  of 
saltmarsh.  The  SACD  works  cannot  commence  until  the  compensation  site  is 
constructed.  As  found  in  this  study  however  the  intertidal  area  on  Southampton 
Water is already too small for the basin area, the compensation site is outside of the 
estuary system and although it may provide additional feeding grounds and roosting 
for birds it does not appear to address the loss of natural coastal defence within the 
estuary.  With  a  reduced  intertidal  area  on  Southampton  Water  there  will  be  a 
reduction in the protection provided to infrastructure and housing along the estuary 
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encourage the erosion of salt marsh and mudflat further inland over the long term. It 
is  strongly  recommended  that  options  to  stabilise  the  intertidal  mudflats  are 
investigated in an attempt to reduce slumping into the dredged channel and erosion 
due  to  increased  tidal  energy  exposure.  In  addition  this  study  has  shown  the 
importance of well planned survey methods to obtain accurate data on the change in 
the intertidal habitats as a result of change in the estuary. Mudflats in particular were 
found to be vulnerable to the impacts of dredging, this should be taken in to account 
when planning the monitoring required in association with the capital dredge.  
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Beneficial Use  Dredged Area  Deposit Area  Amount of Material/ Description of Project  Year  Reference 
Salt marsh restoration/ 
feeding  
Harwich 
Harbour 
Horsey Island, Essex  20,000m
3 of mud by Environment Agency (EA) and later recharged to raise 
height of mud surface for salt marsh growth. 
1998    (ABP Research & 
Consultancy Ltd, 
1998) 
Re-alignment  Port of 
Felixstowe by 
Harwich Haven 
Authority 
Wallasea Island, 
Essex 
Construction was from 2005-2006 and including land raising by pumping 
ashore 550,000m
3 of maintenance material dredged via pipeline, brought 
from Harwich by barge. 
2005-2006  (Dixon et al., 2008) 
Salt marsh restoration and 
stabilisation 
Maldon, 
Blackwater 
Estuary 
Maldon, Blackwater 
Estuary, Essex 
Unknown, undertaken by the boatyard and Environment Agency. Dredge 
spoil was placed in front of eroding cliff to create a sloping rather than 
vertical cliff. 
1993  (ABP Research & 
Consultancy Ltd, 
1998) 
Salt marsh stabilisation  Harwich 
Harbour  
Pewet Island, 
Blackwater Estuary, 
Essex 
 
5,000m
3 of dredged material by EA.  Two phases, 
one in 1992 
and one in 
1995 
(ABP Research & 
Consultancy Ltd, 
1998) 
Retain sediment in estuary 
system 
Chichester 
Harbour 
 
Treloar Hole, near 
Chichester Harbour 
Entrance, West 
Sussex 
The majority of material is chemically clean and is currently placed at the 
beneficial placement site. The placement is subject to licence conditions 
which include phasing deposition with the tidal cycle, limiting the volume to 
be deposited per tidal cycle and per year. 
Since 
success of 
trial in 2004 
(HR Wallingford, 
2010) 
Induce silt accretion and 
prevent further loss of 
saltmarsh by creating a 
barrier to tidal flow. 
Deben Estuary  Sutton Hoo, Deben 
Estuary 
Sutton Hoo is an area 
of saltmarsh and 
intertidal behind an old 
failed seawall.   
Natural England supported local project co-ordinated by the Deben Estuary 
Partnership Saltmarsh Working Group.  
A geotextile tube 2m in diameter was been filled with dredged material and 
place across the breach (45m wide) in seawall to create a regulated tidal 
exchange between the estuary and historic unmanaged realignment site 
experiencing saltmarsh erosion.   
2010  (Deben Estuary 
Partnership, 2012) 
Intertidal recharge  Medway Port  Medway Estuary  Fine dredge material (4,000m
3) was taken from the dredged basin and 
placed on the lower intertidal by split bottom barges.  The material was left 
for natural process to move and redistribute the material on the foreshore 
(trickle charge) and promote the natural evolution of the intertidal.   
1996  (ABP Research & 
Consultancy Ltd, 
1998) 
Intertidal recharge: coast 
protection/ salt marsh 
restoration 
Harwich 
Harbour 
North Shotley, Orwell 
Estuary and Horsey 
Beach/Horsey North 
20,000m
3 silt at both sites.  1998  (ABP Research & 
Consultancy Ltd, 
1998) 
Intertidal recharge and 
habitat creation works as 
mitigation for the increased 
erosion associated with 
operating larger ferries at 
Lymington 
Lymington 
marinas 
Pylewell Bank/Boiler 
Marsh, east of 
Lymington River 
Approximately 2,000 m
3 of maintenance dredge material from the river was 
used.  Material was transferred from the Lymington marinas by small barge 
to the mitigation site, were the sediment was discharged by a pontoon 
mounted pumping unit and pipeline into a shallow basin in the eroded 
marsh.  The discharge site was prepared with sediment retention fences 
made of natural materials (heather & straw bales and chestnut stakes).  An 
amphibious excavator was used to construct the retention structures and to 
position the discharge pipeline. 
 
2012  (Land and Water, 
2012, Marine 
Management 
Organisation, 2011) 
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2)  Stabilising intertidal habitats during capital dredges.  
The  slumping  of  the  intertidal  sediment  appeared  to  be  related  to  the erosion  of 
sediment  from  the  channel  in  the  study  period.  Suggestions  for  how  stabilisation 
could be achieved were outlined in the Salt Marsh Management Manual (DEFRA and 
Environment  Agency,  2005)  which  includes  the  use  of  brushwood  groynes  or 
sedimentation polders which are designed to facilitate the deposition of sediment in 
suspension.  
 
Brushwood groynes are generally two rows of wooden stakes driven in to the mud 
with infill between the stakes such as straw or brushwood. Sediment polders enclose 
a  width  of  upper  marsh  and  mudflat  behind  a  perimeter  fence.  Small  scale 
experiments  have  been  used  on  a  number  of  different  sites  in  Essex  using 
brushwood groynes and a variety of infill materials to develop sedimentation fields. 
The fact that material used for the construction allows water to move through means 
water can slowly seep out without generating significant currents (Colenutt, 2001).  
 
More  recently  in  2012  as  part  of  the compensation  measures  associated  with  the 
consent  to  build  Lymington  breakwaters  a  habitat  replenishment  scheme  used 
maintenance dredged material from a marina to raise the level of an area of intertidal 
mud  to  create  salt  marsh.    The  scheme  pumped  sediment  during  maintenance 
activities onto the existing saltmarsh into a discharge pen via a pipeline.  Additional 
structures  were  also  put  in  place  to  retain  the  sediment  on  the  marsh  including 
willow  faggots,  hurdles,  coir  matting,  and  wooden  stakes.    The  majority  of  these 
materials  were  placed  on  the  marsh  by  hand;  others  including  the  pipeline  were 
floated  onto  site  during  high  tide  using  a  small  pontoon.  The  success  of  these 
stabilisation techniques resulted in the sediment levels across the site being raised 
significantly (Lowe, 2012). 
 
However  these  techniques  require  ongoing  maintenance  and  could  result  in  a 
sediment demand from salt marsh and mudflat accretion or an impact on adjacent 
salt  marsh  through  smothering  of  salt  marsh  species  if  the  site  was  overtopped 
(DEFRA and Environment Agency, 2005). 
 
3)  Allowing enough time for the system to re-establish a new equilibrium 
state before altering pressures.  
It  was  found  that  when  a  sufficient  amount  of  time  was  allowed  between  major 
changes on an estuary the estuary system can re-establish a new stable state, such as 
on the Hamble Estuary. This means that the estuary has stabilised in respect to its 
response to pressures, therefore morphological change is less likely.  
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4)  Salt marsh management.  
It was found that prior to 1947 the release of sediment from salt marsh stores could 
have reduced the impacts of capital dredging through releasing sediment to fronting 
mudflats (Figure 5.50). Mudflats are more stable once colonised by salt marsh plants 
due to the binding effects of their roots (Raybould, 2000) therefore increasing the 
area of salt marsh on the estuary may reduce the impacts of intertidal erosion. The 
continued fragmentation of salt marsh on Southampton Water means this habitat is 
more exposed to wave and tide energy and more likely to erode (Figure 5.51). Rather 
than waiting for natural colonisation to occur the mudflat profile can either be raised 
artificially through recharge schemes to encourage salt marsh development or if the 
mudflat is high enough marsh planting can be undertaken, however this can reduce 
the  area  over  which  birds  can  feed.  On  Fawley  marsh  on  Southampton  Water  for 
example  improvement  of  the  effluent  quality  combined  with  transplantation  of  S. 
anglica and monitoring schemes improved the health of the salt marsh to re-establish 
pre-1950s areas by 2005 (Dando, 2005). 
 
5)  Create standards surrounding the monitoring of estuaries in relation to 
pressures  to  help  with  the  management  of  Southampton  Water  and  other 
estuaries 
 
There were two elements which made the assessment of the influence of pressures 
on Southampton Water difficult the first was that historic data was not collated in a 
single depositary and there was a lack of consistency in any measurements taken. 
The second was  that any data collected was intended to monitor the state of the 
estuary instead of the response of the estuary to specific pressures.  
There is a lot of historic data held by industry such as ports which is under used. As 
shown  in  this  study  long  term  datasets  can  show  trends  and  highlight  the 
relationship between pressures and the state of estuaries to guide management and 
highlight factors which may need to be taken in to account when assessing the in-
combination impacts of future developments. The Marine Management Organisation 
is  currently  gathering  data  from  a  wide  variety  of  sources,  e.g.  Government, 
commercial and scientific, to create a marine evidence base for England to aid with 
marine plans; however the database is dependent on the organisation‟s willingness 
to share data (Osborne, 2010).  
 
With regard to recent and future data in 2012/2013 steps were taken to create a 
national channel coastal observatory through combining the data held by regional 
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benefits  of  such  programmes  will  become  increasingly  apparent  as  their  records 
increase  in  number  over  time  and  the  continual  interpretation  of  their  long-term 
datasets. Again although the data is being gathered it is important that it is analysed 
to gain further understanding of the influences of pressures on estuary state and 
how successful current management practices are. As experienced in this study it is 
vital that the error associated with such datasets is recorded so that any analysis can 
also take in to account the confidence associated with calculations. 
 
The  advantage  of  one  organisation  gathering  data  is  that  data  used  in  decision 
making  can  be  quality  controlled,  a  set  of  common  standards  can  be  used  for 
creating  metadata  and  storage.  Data  associated  with  the  coastal  environment  will 
then be more open and accessible for others to use.  
 
Common  standards monitoring for estuaries and estuarine habitats is required by 
statutory nature conservation bodies for designated sites every six years. The current 
guidance  (Davies  et  al.,  2001,  Joint  Nature  Conservation  Committee,  2004b,  Joint 
Nature  Conservation  Committee,  2004a)  does  not  outline  the  scale  over  which 
monitoring  should  be  undertaken  or  the  error  associated  with  various  monitoring 
techniques.  There  is  also  no  guidance  surrounding  how  to  assess  the  impact  of 
pressures on features in the interim period. For example it was seen in the case study 
of Southampton Water that the sediment budget of the estuary which influences the 
extent of salt marsh and mudflats is influenced by factors on a sediment cell level 
therefore monitoring just the SPA area would not show what was influencing change. 
It  was  also  shown  through  analysis  of  historic  data  that  the  impacts  of  capital 
dredging  on  intertidal  erosion  can  occur  on  shorter  time  scales  than  six  years 
therefore monitoring on this time scale could be misleading. It is suggested that a 
set of monitoring standards is produced for industry to guide them on how to best 
monitor impacts in relation to activities such as dredging and land claim.     
 
Objective  6:  Evaluate  the  use  of  the  DPSIR  framework  and  sediment  budget 
calculations in contributing to the wider knowledge of estuaries. 
The  DPSIR  framework  was  useful  in  the  review  of  drivers  and  pressures  on  the 
estuary, identifying what was known about the state of the elements which contribute 
to the dynamic equilibrium of the estuary and where the gaps in knowledge were. 
The  limitations  of  using  the  DPSIR  framework  alone  was  that  it  did  not  allow  an 
evaluation to be made on how large an influence the various drivers and pressures 
had on the estuary over time and whether these pressure had an ongoing influence 
on the estuary. Through calculation of the sediment budget it was then possible to 
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of the estuary to these. By further identifying how the sediment budget had changed 
over time the recoverability time and long term responses of the estuary to various 
drivers  such  as  dredging  could  be  identified.    It  is  strongly  recommended  that  if 
assessing  the sediment  budget  in  other areas  that  a  longer  term  view  is  applied. 
Assessing  a  single  year,  such  as  in  studies  undertaken  by  ABP  Research  and 
Consultancy (2000) and Townend (2007) does not give any information as to how 
static the budget is and whether past pressures are still impacting upon present day 
morphodynamics and sediment demands. 
Through the literature review of responses to drivers and pressures on the estuary it 
was then possible to easily identify potential management techniques which related 
to the key drivers and pressures which were highlighted through calculation of the 
sediment budget, the change in the morphology and the change the equilibrium state 
of the estuary. This is a technique which could similarly be applied to any estuary in 
order  to  target  where  management  should  be  focused,  however  through  the 
limitations  of  the  use  of  the  DPSIR  framework  alone  it  is  recommended  that  it  is 
combined  with  the  calculation  of  the  change  in  the  equilibrium  components  over 
time.  
The Marine and Coastal Access Act 2009 divided the UK into marine planning areas 
in which management of our seas will be undertaken. The aim of which is to ensure a 
sustainable  future  for  our  coastal  and  offshore  waters  through  managing  and 
balancing  the  many  activities  and  resources  in  the  marine  environment  (Marine 
Management Organisation, 2011). Calculation of the change in the sediment budget 
and the drivers and pressures which influenced the budget allowed the assessment 
of cumulative and in-combination impacts on the estuary. In order to understand the 
impact of activities over a wider area and longer term the calculation of the sediment 
budget on a wider scale would provide invaluable knowledge. 
6.2  Conclusions 
Under  the  Conservation  of  Habitats  and  Species  Regulations  2010  competent 
authorities  must  make an  appropriate assessment  of  any plan or project which is 
likely to have a significant effect on a European site, either alone or in-combination 
with  other  plans    or  projects.  The  Habitats  Regulations  Guidance  Note  4  (English 
Nature, 2001) highlights that this includes consideration of the cumulative impact of 
completed plans or projects. Due to a lack of interpreted historic knowledge there is 
a  distinct  lack  of  understanding  of  whether  past  developments  are  impacting  the 
current  state  of  many  estuaries  meaning  that  this  assessment  is  often  not 
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mean that plans or projects which should not be given permission, or which should 
have  more  in  the  line  of  mitigation  or  compensation,  are  at  the  detriment  of  the 
European protected habitats and the features that they support. 
 
This  thesis  used  the  Driver-Pressure-State-Impact-Response  model  to  highlight  the 
range of pressures that generic estuaries can face which are likely to have an impact 
on designated sites. The case study of Southampton Water showed that these are 
estuary  specific.  Pressures  were  shown  to  impact  the  dynamic  equilibrium  of  an 
estuary,  therefore  upsetting  the balance between  sediment  storage and transport, 
energy dispersal and morphology. In order to regain equilibrium state a change in 
one  or  more  of  these  components  occurs,  the  time  scale  of  this  reaction  has  an 
important role in determining whether in-combination impacts should be assessed in 
Habitats Regulation Assessments. Through understanding whether an estuary is in a 
state of equilibrium or not it can be indicated whether historic pressures could still 
be influencing these components.  
 
A historic review of data was undertaken to determine what pressures influenced the 
industrialised estuary and what impacts these had on its current state. There was a 
wealth of historic data from the port industry, OS maps and surveys of Southampton 
that  could  provide  this  insight.  This  kind  of  information  is  available  for  many 
estuaries  and  highlights  that  the  methods  used  in  this  thesis  to  understand 
cumulative or in-combination impacts of pressures on estuaries could be used on a 
wider scale as long as the limitations of these datasets is taken in to account. The 
error of the datasets used in this thesis was quantified in order to provide a degree of 
confidence to the results presented. 
 
From the review of data and available literature for Southampton Water between 1783 
and 2008 it was found that the major impacts on the designated mudflats and salt 
marsh lining the estuary were land claim, the growth and dieback of Spartina anglica 
and dredging. The combination of these had resulted in the estuary by 2008 being 
out of equilibrium state, with a negative sediment budget and energy distribution 
being like that of a canal, this was due to the large scale decline of mudflat and salt 
marsh lining the estuary and the deepening and widening of the channel. 
 
Land  claim  had  resulted  in  the  immobilisation  of  255.4  (+61.6/-62.6)  x  10
6m
3  of 
sediment and had influenced the equilibrium state of the estuary so that the tidal 
prism by 2008 was too small to disperse energy in the most probable state.   
 
Excluding sediment removed by land claim there was a net decline in sediment stores 
in mudflat by 2.50 (+/-0.42) x 10
6m
3 and
 salt marsh by 2.67 (+/-0.41) x 10
6m
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increased fragmentation of salt marsh areas within Southampton Water since 1976 
indicates  that  if  this  trend  continues  it  will  result  in  the  disappearance  of  salt 
marshes on the estuary if management measures are not implemented. The impact of 
S.anglica growth and subsequent dieback played an important role in the distribution 
of  sediment  between  salt  marsh  and  mudflats  predominantly  before  1947  on  the 
estuary. However the impact of dredging on the estuary had major impacts on the 
sediment  budget,  energy  dispersal  and  morphology  throughout  the  study  period. 
Dredging  was  found  to  be  the  largest  cause  of  sediment  output  on  the  estuary. 
Capital dredge activities were found to be related to the slumping of sediment from 
intertidal  stores  into  dredged  channels.  Maintenance  dredge  activities  then 
completely removed this sediment from the estuary system making it unavailable for 
recycling to support the re-growth of intertidal habitats. 
 
Following dredge events the channel acted as a sediment sink placing a demand on 
both  intertidal  stores  within  the  estuary  and  from  marine  stores  to  balance  the 
sediment  budget.  In  1783  and 1894  the estuarine budget  was  almost  in  balance, 
however 1,525 (+/-280) x10
3m
3/yr of sediment was needed between 2001 and 2008 
for it to balance. Review of literature indicated that the potential supply of marine 
sediment  to  replace  that  lost  in  Southampton  Water  is  declining  through  the 
immobilisation of sediment stores by coastal defences in the Western Solent. This 
brings in to question whether, if these marine stores are not enough to satisfy the 
demands of the estuary, rates of intertidal erosion due to the pressures of dredging 
could worsen in the future. 
 
Recommended management solutions suggested focus on stabilising the intertidal 
zone  to  prevent  slumping  during  capital  dredging  activities  and  securing  future 
sediment  supplies to the estuary through investigating the possibility of recycling 
dredge spoil within the system. Subject to data constraints the methods used in this 
thesis could be applied to any estuary to assess the impacts of drivers and pressures 
and  the  management  regimes  which  could  be  used.  It  was  recommended  that  a 
strategic and long term approach should be taken to the monitoring of estuaries with 
guidelines  produced  outlining  best  practice,  in  order  to  make  measurements  as 
accurate as possible to inform future management decisions.   
 
By  2008  the  basin  area  was  too  large  for  the  intertidal  area  that  the  estuary 
supported.  Both the port master plan for the Port of Southampton and a recently 
accepted proposal for the capital dredge of the approach channel highlighted that 
the  pressures  of  port  development  are  set  to  continue.  The  current  state  of  the 
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taken  in  to  account  thoroughly  when  assessing  the  impact  of  future  plans  and 
projects.  
 
European  geography  is  such that about 42% of ports are affected by the Habitats 
Directive  (European  SeaPorts  Organisation,  2004).  Sir  Rod  Eddington  (2006) 
highlighted  that  some  of  the  country‟s  ports  are  showing  signs  of  inadequate 
capacity. The forecasts of future port demands show a projected growth in demand 
over the next 30 years, particularly for the container, ro-ro and non-unitised sectors. 
Given the relationship between capital dredging and intertidal erosion that this thesis 
has found this indicates that this kind of historic assessment should be required as 
part of the in-combination and cumulative impact of the port industry in estuaries 
which may be impacted upon by this expansion. 
 
6.3  Recommendations for further work 
1. Improved estimation of the marine flux  
The sediment budget for Southampton Water was balanced by assuming that marine 
sediment  exchange  balanced  the  budget.  In  order  to  assess  whether  there  is 
sufficient  exchange  of  sediment  at  the  estuary  mouth  to  balance  the  sediment 
budget further studies should focus on establishing the marine exchange using field 
data.  
The exchange of suspended sediment through the estuary mouth is usually the most 
difficult component of an estuarine sediment budget to determine (Ruch et al., 1993, 
Yarbro  et  al.,  1983).  Example  methods  of  how  to  undertake  such  analysis  are  as 
follows: 
To measure the exchange of sediment through the Richmond River Estuary, Australia 
Hossain and Eyre (2002) took samples of sediment concentration at the mouth of the 
estuary during spring and neap tides during two dry periods and two wet periods at 
set  depths  across  the  estuary  mouth.  The  sediment  concentration  of  the  water 
samples  was  then  multiplied  by  the  volume  of  the  estuary  and  rate  of  flow  to 
determine the discharge of suspended sediment at the estuary mouth. However this 
technique was limited by the fact there was no attempt to validate the results with in-
situ sedimentation tests, or modelling efforts. 
In order to measure the influx of sediment from seaward sources in to the Mersey 
Estuary Price and Kendrick (1963) observed the speed and direction of flow and its 
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minutes for individual tidal cycles, covering different ranges and seasons of the year. 
By combining the sediment concentration and the velocity data, and integrating the 
result over the water depth and tidal period, it was possible to determine the residual 
tidal  flux  of  sediment  into  the  estuary.  Summation  over  all  tidal  ranges  in  any 
particular year then provided an estimate of the net yearly influx of sediment.  
Using an alternative method Robinson et al. (1998) used airborne remote sensing to 
assess the suspended sediment flux in the Humber Estuary, UK. The use of remote 
sensing provides the temporally instantaneous spatial resolution required to look at 
the distribution and concentration of suspended surface sediment. This was achieved 
through the acquisition of a sequential time-series of data throughout a significant 
fraction  of  the  tide,  using  CASI  (Compact  Airbourne  Spectrographic  Imager)  data. 
Surface  velocities  were  calculated  by  incorporating  hydrodynamic  models,  which 
estimate flow velocities and direction of current, with the remote sensing data on 
sediment concentrations to calculate sediment fluxes. 
2. Extension of study sites 
This research has identified that the sediment budget for Southampton Water has 
fluctuated over time and is now in a state where there is a net sediment demand to 
balance the sediment budget. The largest source of input to the sediment budget 
was found to be from marine sources however this has reduced due to the coastal 
protection of cliffs feeding this sediment supply (Lawn, 2001). In order to understand 
whether  the  supply  available  is  enough  to  balance  the  sediment  budget  of 
Southampton Water it is proposed that a future project could focus on extending this 
study  to  include  Christchurch  Bay  and  other  sources  of  marine  sediment  to 
Southampton  Water such  as  eroding  cliffs  on  the Isle of  Wight,  to investigate the 
other  demands  for  such  sediment  and  the  interdependency  of  adjacent  sediment 
systems with Southampton Water. 
Given the relationship found in Southampton Water between intertidal erosion and 
dredging it would also be useful to look at other port influenced estuaries protected 
under European legislation for their habitats to see if their sediment budgets have 
fluctuated  similarly.  If  so  this  would  imply  that  a  standard  level  of  sediment 
management should be required by the Port industry in sediment starved systems to 
comply  with  Article  6.3  of  the  Habitats  and  Species  Directive  (92/43/EEC)  so  that 
future  dredge  projects  do  not  have  a  significant  effect  on  the  site  in  view  of  its 
conservation objectives.  
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The  use  of  sediment  tracer  studies  would  be  useful  to  establish  where  sediment 
eroded from the intertidal zone deposits and the specific causes for changes in the 
rates  of  erosion.  For  example  tracer  studies  in  association  with  dredge  activities 
should  be  able  to  confirm  the  relationship  between  dredging  and  intertidal  zone 
erosion. Tracer studies are an established technique to monitor changes in sediment 
dispersal, for example Kojima et al. (1986) used tracers to determine the relationship 
between offshore dredging and beach erosion on the coast of the Genkai Sea,  Japan. 
Similarly the movement of cheniers on Southampton Water by colouring shells was 
found to be a useful technique by Queresma (2004). Also as mentioned earlier in this 
chapter fluorescent tracers were used in the Mersey Estuary to determine the fate of 
maintenance dredge sediment placed at an in-estuary disposal site (Brooke, 2013).   
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Appendices 
Appendix 1: Tide Gauge Data Southampton Water 1935-2006 from data by ABP 
provided by Haigh (20/09/2006) 
 
Year 
% of good 
data  HAT  MHWS  MHWN  Mean Tide  MLWN  MLWS  LAT 
1935  96  2.066  1.689  1.105  0.025  -1.923  -0.967  -3.003 
1936  69  2.145  1.688  1.139  0.025  -1.958  -0.975  -2.900 
1937  94  2.129  1.721  1.147  0.074  -1.915  -0.963  -2.882 
1938  97  2.017  1.708  1.164  0.015  -1.979  -0.979  -2.824 
1939  99  2.131  1.722  1.137  0.044  -1.990  -1.041  -2.883 
1941  100  2.096  1.722  1.125  0.050  -1.962  -1.023  -2.969 
1942  100  1.996  1.679  1.144  0.044  -1.957  -0.981  -2.869 
1943  94  1.952  1.684  1.152  0.035  -1.928  -0.990  -2.627 
1944  99  2.037  1.689  1.143  0.073  -1.923  -0.983  -2.926 
1945  67  2.188  1.683  1.165  0.086  -1.805  -1.027  -2.595 
1946  92  2.064  1.684  1.143  0.079  -1.853  -0.930  -2.602 
1947  94  2.066  1.710  1.116  0.084  -1.875  -0.952  -2.581 
1948  98  2.040  1.678  1.140  0.085  -1.871  -0.925  -2.830 
1949  97  2.205  1.688  1.118  0.058  -1.909  -0.966  -2.993 
1950  98  2.098  1.682  1.154  0.092  -1.878  -0.927  -2.904 
1951  94  1.999  1.716  1.139  0.119  -1.863  -0.926  -2.710 
1952  96  2.010  1.659  1.137  0.073  -1.868  -0.951  -2.674 
1953  99  2.078  1.651  1.130  0.039  -1.877  -0.975  -2.940 
1954  98  2.169  1.687  1.126  0.065  -1.880  -0.967  -2.961 
1955  100  2.047  1.674  1.141  0.086  -1.889  -0.982  -2.845 
1956  32  1.961  1.667  1.074  -0.014  -2.005  -0.992  -2.836 
1957  97  2.076  1.656  1.134  0.063  -1.874  -1.005  -2.781 
1958  99  2.120  1.696  1.154  0.086  -1.870  -0.974  -2.794 
1959  97  2.138  1.676  1.144  0.086  -1.885  -0.958  -2.835 
1960  99  2.162  1.728  1.147  0.139  -1.856  -0.984  -2.658 
1961  99  2.072  1.714  1.190  0.123  -1.873  -0.963  -2.734 
1962  99  2.201  1.714  1.154  0.056  -1.908  -1.001  -2.839 
1963  87  2.311  1.689  1.143  0.095  -1.866  -0.980  -2.944 
1964  100  2.013  1.681  1.152  0.060  -1.911  -0.951  -2.792 
1965  94  2.066  1.683  1.154  0.077  -1.913  -0.950  -2.756 
1966  95  2.168  1.749  1.162  0.133  -1.859  -0.929  -2.758 
1967  100  2.304  1.730  1.151  0.107  -1.908  -0.909  -2.896 
1968  100  2.248  1.737  1.130  0.117  -1.918  -0.933  -2.903 
1969  100  2.099  1.728  1.138  0.139  -1.890  -0.900  -2.696 
1970  95  2.115  1.732  1.126  0.087  -1.902  -0.919  -2.737 
1971  91  2.054  1.675  1.098  0.021  -1.930  -0.981  -2.953 
1972  97  2.045  1.657  1.107  0.024  -1.969  -0.973  -3.017 
1973  99  1.901  1.651  1.119  -0.039  -2.003  -1.001  -2.845 
1974  100  2.013  1.692  1.148  0.036  -1.979  -0.975  -2.944 
1975  97  2.130  1.706  1.159  0.038  -1.987  -1.012  -2.981 
1976  94  2.223  1.711  1.137  0.063  -1.941  -0.995  -2.966 
1977  92  2.087  1.720  1.171  0.085  -1.947  -0.978  -2.894 
1978  96  2.082  1.728  1.160  0.068  -1.969  -1.013  -2.790 Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Year 
% of good 
data  HAT  MHWS  MHWN  Mean Tide  MLWN  MLWS  LAT 
1979  97  2.065  1.705  1.158  0.052  -1.971  -0.998  -2.860 
1982  98  2.025  1.682  1.136  0.059  -1.913  -0.945  -2.862 
1983  100  2.001  1.683  1.136  0.072  -1.888  -0.947  -2.815 
1984  98  2.278  1.687  1.143  0.113  -1.855  -0.915  -2.867 
1985  95  2.091  1.686  1.153  0.137  -1.853  -0.863  -2.880 
1986  88  2.037  1.646  1.111  0.067  -1.871  -0.902  -2.836 
1987  77  2.149  1.627  1.119  0.052  -1.878  -0.854  -2.685 
1988  72  2.020  1.634  1.077  0.020  -1.868  -0.939  -2.818 
1989  50  2.091  1.712  1.093  0.065  -1.865  -0.923  -2.994 
1990  9  2.062  1.836  1.195  0.247  -1.684  -0.992  -2.057 
1991  93  2.039  1.702  1.150  0.064  -1.953  -0.936  -2.767 
1992  98  2.110  1.695  1.153  0.080  -1.925  -0.958  -2.949 
1993  98  2.215  1.732  1.147  0.115  -1.898  -0.969  -2.995 
1994  98  2.339  1.771  1.199  0.173  -1.860  -0.958  -2.867 
1995  98  2.256  1.770  1.177  0.144  -1.859  -0.936  -2.646 
1996  99  2.089  1.732  1.181  0.129  -1.890  -0.969  -2.697 
1997  45  2.031  1.688  1.214  0.141  -1.847  -0.975  -2.968 
1998  98  2.254  1.753  1.200  0.148  -1.869  -0.961  -2.881 
1999  91  2.148  1.745  1.166  0.138  -1.875  -0.998  -2.773 
2000  99  2.145  1.744  1.174  0.143  -1.855  -0.941  -2.741 
2001  99  2.143  1.735  1.175  0.166  -1.841  -0.897  -2.670 
2002  100  2.294  1.744  1.179  0.174  -1.829  -0.911  -2.811 
2003  100  2.153  1.726  1.156  0.150  -1.841  -0.922  -2.903 
2004  99  2.038  1.708  1.145  0.119  -1.840  -0.947  -2.696 
2005  100  2.046  1.705  1.134  0.079  -1.874  -0.935  -2.739 
2006  83  2.310  1.698  1.134  0.119  -1.846  -0.905  -2.849 
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Appendix 2: Historical dredge volumes within the Hamble Estuary (x10
3m
3) (ABP Marine Environmental Research Ltd, 2011). 
 
 
Location  1986  1987  1988  1989  1990  1991  1992  1993  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  2004  2005  2006  2007  2008  Total  Aver-
age  
Hamble 
Point 
Marina 
1.4  15.8  4.0     18.3  16.5     6.3     6.3  4.2  2.4  7.6  6.9  4.8  3.6     10.4  6.3     5.4  4.5     124.7  5.7 
Stone Pier 
Boatyard 
         0.3                    2.0                             3.3 
  
   5.6  0.3 
Harbour 
Masters 
Pier 
            14.8                 3.8                             3.3        21.9  1.0 
Port 
Hamble 
Marina 
      11.0        22.1              15.8  5.9  5.4           5.3     1.8        5.1  5.5  77.9  3.5 
Hamble 
Yacht 
Services 
                                          8.0              6.2           14.2  0.6 
Mercury 
Yacht 
Harbour 
      11.0  17.9                    7.4     5.8     10.0     15.7  5.1     3.8  5.4     5.1  87.2  4.0 
Universal 
Marina 
0.6  3.4     6.4                                         5.8     6.4  13.0        35.6  1.6 
Swanwick 
Marina 
      5.7  10.2                 26.4        5.0  10.0  5.0           10.0              72.3  3.3 
River 
Hamble 
General 
1.7                       3.8                                            5.5  0.3 
Rank 
Marine Int. 
1.6        12.2     5.0                                                     18.8  0.9 
Totals  5.3  19.2  31.7  47.0  33.1  43.6  0.0  6.3  3.8  32.7  33.2  8.3  23.8  16.9  27.8  3.6  21.0  21.3  18.1  16.4  30.4  9.6  10.6  463.7  21.1 
Note the volumes highlighted in green represent a volume which includes a proportion of capital dredging.  
The figure highlighted in pink was originally included in the DEFRA database as River Hamble, General. However through further consultation revealed that it was dredged from 
Swanwick Marina. In addition 8,400m
3 of capital dredging took place.  
The figure highlighted in purple was from a 6.6x10
3m
3 dredge within Stone Pier Boatyard and Harbour Masters Pier; the combined value has been divided equally for total 
calculations. 
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Appendix 3 Hamble Estuary Morphological change 1783-2008 
Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1783-1894  Morphology (from map 
comparison) Appendix 4 
Migrated from the north west to 
south east and widened 
Migrated from the north west to 
south east with channel 
Mudflat accreted to form salt marsh 
on the landward boundary  
S. anglica colonisation- Increase in salt marsh 
area associated with decrease in mudflat area 
could have been a result of the spread of S. 
anglica in the estuary as the species could 
colonise further down in the tidal frame. Between 
1829 and 1836 Spartina alterniflora Lois. was 
found in the Itchen estuary (Marchant 1967; 
Ainouche et al. 2004) but this could equally be 
accountable to errors associated with monitoring.                                           
Lack of dredging activity-There are no records 
found of dredging in the estuary therefore the 
accretion of the channel is an indication that the 
estuary, is a naturally accreting estuary and if 
unmodified would infill.                            
Large scale land claim- of salt marsh and 
mudflat associated with housing in Bursledon, 
Hamble and Warsash.  
Topography (taken as mean 
height above -20.47m)  (heights 
given in m) 
Decreased in depth from 11.1 
(+/-0.5) to 15.7 (+/-0.5).The 
sediment in the channel i.e. 
accreted by 4.5 (+/-0.5). 
No change outside of range of 
error (from 19.5 (+/-0.1) to 19.6 
(+/-0.1)) 
No change outside of range of error 
(from 21.9 (+/-0.1) to 21.9 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change outside of range of 
error  (from 7.7 (+3.2/-2.5) to 7.1 
(+3.6/-2.2))  
No change outside of range of 
error  (from 14.3 (+5.3/-6.0) to 
11.83 (+6.1/-7.1))  
No change outside of range of error  
(from 10.1 (+4.4/-4.3) to 10.4 (+4.3/-
4.5))  
Volume Sediment Stored 
(volumes given in x 10
6m
3) 
No change outside of range of 
error (from 8.6 (+4.1/-3.1) to 
11.2 (+6.1/-3.7)) 
No change outside of range of 
error (from 28.0 (+10.3/-11.8) to 
23.2 (+13.8/-11.9)) 
No change outside of range of error 
(from 22.2 (+9.6/-9.3) to 22.8 (+9.5/-
9.9)) 
Volume Immobilised (Land 
Claim) (volumes given in x 10
6m
3) 
0.1 (+/-0.1)  3.5 (+1.3/-1.5)  6.5 (+2.8/-2.7) 
1894-1911  Morphology (from map 
comparison) Appendix 5 
Small area of deepening at the 
mouth 
Small area of mudflat accreted to 
form salt marsh at the mouth 
Small area of salt marsh accretion 
at the mouth 
Draw down of material from the Hamble 
Estuary into the Main Channel following a 
capital dredge in 1907 (ABP Research & 
Consultancy Ltd 1995; Horter 2003) could have 
caused increased depth of the channel at mouth; 
equally this could be accountable to errors 
associated with monitoring.                                          
Small scale land claim associated with 
urbanisation in northern reaches of the estuary.  
 
 
 
 
Topography (taken as mean 
height above -20.47m) 
No change outside of range of 
error  (from 15.7 (+/-0.5) to 15.8 
(+/-0.5))  
No change outside of range of 
error (from 19.6  (+/-0.1) to 
19.6(+/-0.1)) 
No change outside of range of error 
(from 21.9 (+/-0.1) to 22.0 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change in area outside of 
range of error  (from 7.1 (+3.6/-
2.2) to 7.2 (+2.6/-1.7))  
No change outside of range of 
error  (from 11.8 (+7.0/-6.1) to 
11.5 (+5.8/-3.5)) 
No change outside of range of error  
(from 10.4 (+4.3/-4.5) to 10.7 (+2.7/-
4.3)) 
Volume Sediment Stored (areas 
given in x 10
6m
3) 
No change outside of range of 
error (from 11.2 (+6.1/-3.7)
 to 
11.4 (+4.6/-3.1))  
No change outside of range of 
error (from 23.2 (+13.8/-11.9) to 
22.6 (+11.3/-6.9)) 
No change outside of range of error 
(change from 22.8 (+9.5/-9.9) to  
23.4 (+6.0/-9.5)) 
Volume Immobilised (Land 
Claim) (volumes given in x 10
6m
3) 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1911-1932  Morphology (from map 
comparison)  
No significant change  No significant change, small area 
of mudflat increase at Locks 
Heath associated with salt marsh 
erosion 
No significant change, salt marsh 
erosion at Locks Heath 
The salt marsh experienced erosion resulting in an 
increase in the area of the mudflat at Locks Heath, 
possibly associated with S.anglica dieback which 
could have resulted in the increase in average 
mudflat height. 
The salt marsh area and volume decreased during 
this period with an increase in mudflat area and 
volume but not outside the range of error.                                   
Other changes in the estuary are accountable 
within the error range associated with monitoring 
Topography (taken as mean 
height above -20.47m)  (heights 
given in m) 
No change outside of range of 
error  (from 15.8 (+/-0.5) to 15.8 
(+/-0.5))  
Increased in height from 19.6 (+/-
0.1) to 20.3 (+/-0.1) 
No change outside of range of error 
(22.0  (+/-0.1) to 22.0  (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change in area outside of 
range of error  (from 7.2 (+2.6/-
1.7) to 8.0 (+2.6/-1.9)) 
No change outside of range of 
error  (from 11.5 (+5.8/-3.5) to 
10.9 (+5.6/-4.8)) 
No change outside of range of error  
(from 10.7 (+2.7/-4.3) to 8.4 (+5.2/-
2.0)) 
Volume Sediment Stored 
(volumes given in x 10
6m
3) 
No change outside of range of 
error (from 11.4 (+4.6/-3.1) to 
12.6 (+4.7/-3.1)) 
No change outside of range of 
error (change from 22.6 (+11.3/-
6.9) to 22.1 (+11.4/-9.8)) 
No change outside of range of error 
(from 23.4 (+6.0/-9.5) to 18.4 
(+11.3/-4.4)) 
Volume Immobilised (Land 
Claim) (volumes given in x 10
6m
3) 
0.1 (+/-0.1)  0.6 (+0.3/-0.2)  1.9 (+/-0.6) 
1932-1947  Morphology (from map 
comparison) Appendix 7 
Small area of deepening at the 
mouth and towards Hamble 
Accretion of mudflat due to salt 
marsh erosion near mouth 
Erosion of salt marsh to form 
mudflat at the mouth. Accretion of 
salt marsh close to Locks Heath. 
In the 1930s the sea wall was breached at the 
Bunny Meadows site on the eastern side of the 
estuary (near Locks Heath) to allow the 
regeneration of salt marsh and mudflat (Cundy et 
al. 2003).  The salt marsh on this site rapidly 
accreted as a result of managed realignment.  
Draw down of material from the Hamble 
Estuary into the Main Channel following a 
capital dredge in 1907 (ABP Research & 
Consultancy Ltd 1995; Horter 2003) could have 
caused increased depth of the channel at mouth; 
equally this could be accountable to errors 
associated with monitoring.   
Topography (taken as mean 
height above -20.47m)  (heights 
given in m) 
No change outside of range of 
error  (from 15.8 (+/-0.5) to 15.9 
(+/-0.5)) 
No change outside of range of 
error  (20.3 (+/-0.1m) to 20.2 (+/-
0.1)) 
No change outside of range of error  
(22.0 (+/-0.1) to 21.9 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change outside of range of 
error  (from 8.0 (+2.6/-1.9) to 8.0 
(+2.6/-1.9) 
No change outside of range of 
error  (from 10.9 (+5.6/-4.8) to 
13.0 (+5.7/-5.1) 
No change outside of range of error  
(from 8.4 (+5.2/-2.0) to 7.7 (+3.5/-
2.2) 
Volume Sediment Stored (areas 
given in x 10
6m
3) 
No change outside of range of 
error (from 12.6 (+4.7/-3.1) to 
12.7 (+5.2/-3.4)) 
No change outside of range of 
error (from 22.1 (+11.4/-9.8) to 
26.2 (+11.5/-10.3)) 
No change outside of range of error 
(from 18.4 (+11.3/-4.4) to 16.9 
(+7.6/-4.8)) 
Volume Immobilised (Land 
Claim) (volumes given in x 10
6m
3) 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1947-1965  Morphology (from map 
comparison) Appendix 8 
Deepening of channel around 
Crableck Marina. Accretion of 
channel elsewhere as salt 
marsh and mudflat erode. 
Accretion of mudflat where salt 
marsh eroded. Frontal erosion of 
mudflat within estuary. 
Large scale accretion of the Bunny 
Meadows realignment site occurred 
during this epoch and frontal erosion 
of salt marsh within the estuary 
Port Hamble marina and Crableck marina were 
developed in the 1960s.  Dredging for access to 
marinas resulted in an increased volume of the 
channel and immobilisation of sediment through 
land claim.                                                          
Salt marsh experienced frontal erosion with an 
associated increase in mudflat volume possibly 
associated with slumping of the intertidal 
sediment following capital dredging of the 
channel associated with marina development. As 
the channel accreted in areas where erosion of the 
intertidal occurred overall there was not a 
significant change in average depth or volume of 
the channel.                                                              
Due to accretion of salt marsh and mudflat around 
the managed realignment site overall there was 
an insignificant area and volume change of salt 
marsh and mudflat. 
Topography (taken as mean 
height above -20.47m)  (heights 
given in m) 
No change outside of range of 
error  (from 15.9 (+/-0.5) to 16.3 
(+/-0.5))  
No change outside of range of 
error  (20.2  (+/-0.1) to 20.1 (+/-
0.1)) 
No change outside of range of error  
(21.9 (+/-0.1) to 22.0  (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change outside of range of 
error  (from 8.0 (+2.6/-1.9) to 8.7 
(+2.8/-2.0)) 
No change outside of range of 
error  (from 13.0 (+5.7/-5.1) to 
13.6 (+4.9/-4.7)) 
No change outside of range of error  
(from 7.7 (+3.5/-2.2) to 7.8 (+2.7/-
1.7)) 
Volume Sediment Stored 
(volumes given in x 10
6m
3) 
No change outside of range of 
error (from 12.7 (+5.2/-3.4) 
 to 
14.2 (+5.0/-3.6))  
No change outside of range of 
error (from 26.2 (+11.5/-10.3) to 
27.3 (+9.8/-9.3)) 
No change outside of range of error 
(from 16.9 (+7.6/-4.8) to 17.1 (+5.9/-
3.7))  
Volume Immobilised (Land 
Claim) (volumes given in x 10
6m
3) 
0.1 (+/-0.1)  1.2  (+/-0.5)  1.8  (+0.8/-0.5) 
1965-1976  Morphology (from map 
comparison) Appendix 9 
Deepening and widening of 
channel around marina 
developments. Accretion of 
channel where salt marsh 
eroded. 
Mudflat removed for access to 
marina developments 
Frontal erosion of salt marsh  Dredging and land claim associated with 
marina development- Deepening and widening of 
the estuary in association with further 
development of the boating industry. Mercury 
Marina was built in 1971 and Hamble Yacht 
services constructed in the 1970s (Underdown 
2009).                                                         
Average height of mudflat possibly decreased due 
to slumping associated with dredging.                                      
Salt marsh frontal erosion possibly associated with 
dredging. 
Accretion of salt marsh and mudflat at managed 
realignment site continued. 
Topography (taken as mean 
height above -20.47m)  (heights 
given in m) 
No change outside of range of 
error  (from 16.3 (+/-0.5) to 16.6 
(+/-0.3))  
Decreased in height from 20.1  
(+/-0.1) to 19.9 (+/-0.1) 
No change outside of range of error  
(from 22.0  (+/-0.1) to 22.1 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change outside of range of 
error  (from 8.7 (+2.8/-2.0) to 
10.2 (+2.2/-1.7)) 
No change outside of range of 
error  (from 13.6 (+4.9/-4.7) to 
12.6 (+4.4/-4.1)) 
No change outside of range of error  
(from 7.8 (+2.7/-1.7) to 6.9 (+2.8/-
2.4)) 
Volume Sediment Stored 
(volumes given in x 10
6m
3) 
No change outside of range of 
error (from 14.2 (+5.0/-3.6) to 
17.0 (+4.1/-3.2))  
No change outside of range of 
error (from 27.3 (+9.8/-9.3) to 25.0 
(+8.8/-8.1)) 
No change outside of range of error 
(from 17.1 (+5.9/-3.7) to 15.3 (+6.1/-
5.2)) 
Volume Immobilised (Land 
Claim) (volumes given in x 10
6m
3) 
0.2 (+/-0.1)  2.0 (+/-0.7)  1.4 (+0.5/-0.3) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 311- 311 -- 
Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1976-1996  Morphology (from map 
comparison) Appendix 10 
Channel deepened around 
marina developments 
Loss of mudflat around marina 
developments for access 
purposes. Accretion of mudflat 
around realignment site. 
Salt marsh erosion around managed 
realignment site. Areas of accretion 
of salt marsh mid estuary. 
Dredging and land claim associated with 
marina development- at Mercury Yacht Harbour, 
Hamble Point Marina and Swanwick marina 
leading to an increase in the volume of the 
channel.                
Erosion of managed realignment site- Salt 
marsh on the Bunny Meadows realignment site 
eroded to form mudflat possibly through S.anglica 
dieback. 
North of Bunny Meadows salt marshes accreted 
indicating that sediment from the realignment site 
had been transported north or that sediment 
suspended through dredging of Mercury Yacht 
Harbour had contributed to mudflat accretion on 
the opposite shore.  
Overall no change in area and volume and area of 
salt marsh and mudflats as net erosion and 
accretion within error range.  
Topography (taken as mean 
height above -20.47m) 
No change outside of range of 
error  (from 16.6 (+/-0.3) to 16.7 
(+/-0.1))  
No change outside of range of 
error  (from 19.9 (+/-0.1) to 20.0 
(+/-0.1)) 
No change outside of range of error 
(from 22.1(+/-0.1) to 22.1(+/-0.1)) 
Area (areas given in x 10
5m
2)  No change outside of range of 
error  (from 10.2 (+2.2/-1.7) to 
11.3 (+2.8/-2.2)) 
No change outside of range of 
error  (from 12.6 (+4.4/-4.1) to 
12.6 (+3.8/-3.8)) 
No change outside of range of error  
(area changed from 6.9 (+2.8/-2.4) 
to 4.4 (+1.8/-0.6) 
Volume Sediment Stored (areas 
given in x 10
6m
3) 
No change outside of range of 
error (from 17.0 (+4.1/-3.2) to 
18.9 (+4.8/-3.9))  
No change outside of range of 
error (from 25.0 (+8.8/-8.1) to 25.2 
(+7.7/-7.6)) 
No change outside of range of error 
(from 15.3 (+6.1/-5.2) to 9.8 (+4.0/-
1.4))  
Volume Immobilised (Land 
Claim) (volumes given in x 10
6m
3) 
0.3 (+/-0.1)  2.0 (+/-0.7)  1.9 (+0.8/-0.6) 
1996-2001  Morphology (from map 
comparison) Appendix 11 
Accretion of the channel on the 
western side of the channel, 
erosion in the east. 
Accretion of mudflat as salt marsh 
erodes mid estuary.  
Erosion of salt marsh mid estuary. 
Accretion of salt marsh at mouth of 
estuary realignment site. 
The accretion of the estuary mouth indicates that 
the dredge channel acted as a sediment sink 
and attempted to re-establish its natural form.  
There was erosion of the channel and mudflat at 
the eastern edge of the channel indicating this to 
be the source of material for the western side.   
Further frontal salt marsh erosion and mudflat 
accretion mid estuary possibly through slumping 
of intertidal sediment in to the dredged channel 
around Mercury Yacht Harbour developed in the 
previous epoch. This could have contributed to the 
increased average mudflat height and decreased 
average salt marsh height during this time.   
Topography (taken as mean 
height above -20.47m)  (heights 
given in m) 
No change outside of range of 
error  (from 16.7 (+/-0.1) to 16.6 
(+/-0.1))  
Increased in height from 20.0  (+/-
0.1) to 20.2  (+/-0.1)m 
Decreased in height from 22.1 (+/-
0.1) to 21.9  (+/-0.1) 
Area (areas given in x 10
5m
2)  No change in area outside of 
range of error  (from 11.3 (+2.8/-
2.2) to 11.2 (+2.7/-2.1)) 
No change in area outside of 
range of error  (from 12.6 (+3.8/-
3.8) to 12.5 (+3.9/-3.8)) 
No change outside of range of error  
(from 4.4 (+1.8/-0.6) to 4.5 (+1.3/-
1.1)) 
Volume Sediment Stored 
(volumes given in x 10
6m
3) 
No change outside of range of 
error (from 18.9 (+4.8/-3.9)
  to 
18.6 (+4.6/-3.4))  
No change outside of range of 
error (from 25.2 (+7.7/-7.6) to 25.2 
(+8.0/-7.8)) 
No change outside of range of error 
(from 9.8 (+4.0/-1.4) to 9.8 (+2.7/-
2.4))  
Volume Immobilised (Land 
Claim) (volumes given in x 10
6m
3) 
0.5 (+/-0.1)  0.8 (+/-0.3)  2.0 (+0.8/-0.3) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
2001-2008  Morphology (from map 
comparison) Appendix 12 
Accretion of south channel 
particularly round Hamble 
Services Marina and estuary 
mouth 
Mudflat accreting at land ward 
edge 
Salt marsh eroding at land ward 
edge 
The accretion of the estuary mouth indicates that 
the dredge channel is acting as a sediment 
sink and attempting to re-establish its natural 
form. There was erosion of the north of the 
channel indicating this to be the source of material 
for the mouth; this may have also contributed to 
the increased average salt marsh and mudflat 
height.                   
Further frontal salt marsh erosion and mudflat 
accretion mid estuary indicated continued 
slumping of the intertidal sediment into Mercury 
Yacht Harbour and a reason for an increased 
average mudflat height and decreased average 
salt marsh height through this transition.   
Topography (taken as mean 
height above -20.47m)  (heights 
given in m) 
No change outside of range of 
error  (from 16.6 (+/-0.1) to 
16.5(+/-0.1))  
Increased in height from 20.2 (+/-
0.1) to 20.3 (+/-0.1) 
Increased in height from 21.9 (+/-
0.1) to 22.1 (+/-0.1) 
Area (areas given in x 10
5m
2)  No change in area outside of 
range of error  (from 11.2 (+2.7/-
2.1) to 11.5 (+2.3/-2.3)) 
No change in area outside of 
range of error  (from 12.5 (+3.9/-
3.8) to 13.0 (+4.7/-4.3)) 
No change outside of range of error  
(from 4.5 (+1.3/-1.1) to 4.6 (+1.5/-
1.6)) 
Volume Sediment Stored (areas 
given in x 10
6m
3) 
No change outside of range of 
error (from 18.6 (+4.6/-3.4) 
 to 
19.1 (+4.0/-4.1))  
No change outside of range of 
error (from 25.2 (+8.0/-7.8) to 26.3 
(+9.6/-8.7)) 
No change outside of range of error 
(from 9.8 (+2.7/-2.4) to 10.2 (+3.4/-
3.5)) 
Volume Immobilised (Land 
Claim) (volumes given in x 10
6m
3) 
No land claim from channel  None  None 
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Appendix 4 Hamble Estuary Sediment Store Change 1783-1894- Channel (a), Mudflat (b) and Salt Marsh (c) 
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Appendix 5 Hamble Estuary Sediment Store Change 1894-1911- Channel (a), Mudflat (b) and Salt Marsh (c) 
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Appendix 9 Hamble Estuary Sediment Store Change 1965-1976- Channel (a), Mudflat (b) and Salt Marsh (c)        
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Appendix 12 Hamble Estuary Sediment Store Change 2001-2008- Channel (a), Mudflat (b) and Salt Marsh (c)            
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Period  Input (Q source) 
Change in Storage (Δ V) (Excluding land claim) (Erosion represents an increase in the sediment available to the rest of 
the system so is a positive value, and accretion a sediment demand so is a negative value) 
   River 
Error 
(Plus) 
Error 
(Minus)  Channel 
Error 
(Plus) 
Error 
(Minus)  Mudflat 
Error 
(Plus) 
Error 
(Minus) 
Salt 
marsh  Error (Plus) 
Error 
(Minus) 
2001-2008  0.1  0.1  0.1  64.8  16.2  11.8  -147.5  46.5  45.4  -57.6  15.9  14.2 
1996-2001  0.1  0.1  0.1  37.7  9.6  7.9  -169.7  51.7  51.0  -410.6  168.7  59.1 
1976-1996  0.1  0.1  0.1  108.2  26.3  20.5  -110.8  38.8  35.8  180.7  72.5  61.6 
1965-1976  0.1  0.1  0.1  277.2  97.2  69.7  27.6  9.9  9.4  37.6  12.9  8.1 
1947-1965  0.1  0.1  0.1  89.1  36.5  23.6  -126.4  55.4  49.5  -113.5  50.9  32.5 
1932-1947  0.1  0.1  0.1  16.3  6.0  4.0  -287.5  147.5  126.7  13.5  8.3  3.2 
1911-1932  0.1  0.1  0.1  62.7  25.5  17.0  75.4  37.6  23.1  76.3  24.7  25.6 
1894-1911  0.1  0.1  0.1  18.2  10.0  6.1  -82.0  48.7  42.0  -25.1  10.5  10.9 
1783-1894  0.1  0.1  0.1  24.8  12.0  9.0  12.1  4.5  5.1  -63.7  27.5  26.8 
 
Period  Outputs (R)  Sum of Inputs, Outputs 
and Change in Storage 
Volume of sediment needed to balance budget 
(Positive represents marine input (Q source), 
negative marine output (Q sink)) 
   Capital 
Dredging 
Error 
(Plus) 
Error 
(Minus) 
Maintenance 
Dredging 
Error 
(Plus) 
Error 
(Minus) 
   Marine Exchange  Error 
(Plus) 
Error (Minus) 
2001-2008  -64.8  16.2  11.8  -18.2  9.1  9.1  -223.2  223.2  55.0  51.3 
1996-2001  -37.7  9.6  7.9  -18.9  9.5  9.5  -599.1  599.1  177.2  79.4 
1976-1996  -108.2  26.3  20.5  -24.7  12.4  12.4  45.3  -45.3  91.1  77.9 
1965-1976  -277.2  97.2  69.7  -21.0  10.5  10.5  44.3  -44.3  138.8  99.8 
1947-1965  -89.1  36.5  23.6  -15.3  7.6  7.6  -255.1  255.1  91.5  68.4 
1932-1947  -16.3  6.0  4.0  -0.2  0.1  0.1  -274.1  274.1  148.0  126.9 
1911-1932  -62.7  25.5  17.0  0.0  0.0  0.0  151.8  -151.8  57.7  42.1 
1894-1911  -18.2  10.0  6.1  0.0  0.0  0.0  -107.0  107.0  51.8  44.2 
1783-1894  -24.8  12.0  9.0  0.0  0.0  0.0  -51.5  51.5  32.6  30.1 
Appendix 13 Hamble Estuary Sediment Budget 1783-2008 (Volumes in x10
3m
3) (Blue is an input to the sediment budget and 
pink is an output) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Location  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  2004  2005  2006  Total  Average 
Halmatic 
Vosper 
Thornycroft 
7.36                       5.37              12.72  1.06 
Merlin Quay                 4.85                       4.85  0.40 
Northam 
Ironworks 
Wharf 
3.78  3.08                                   6.86  0.57 
Ocean Quay           9.95                             9.95  0.83 
Saxon Wharf     19.23              25.55  0.39  5.92              51.08  4.26 
Shamrock 
Quay 
         9.21        5.57        12.95  10.57        38.29  3.19 
Portswood 
Sewage 
Treatment 
Works 
1.25                             8.61  2.61     12.47  1.04 
Totals  12.39  22.31  0.00  19.16  0.00  4.85  31.12  0.39  11.28  12.95  19.18  2.61  0.00  136.23  11.35 
Appendix 14 Historical dredge volumes for Individual Quays and Wharfs on the Itchen Estuary 1994 to 2006.Figures given in 
(x10
3m
3).  Data from Horter (2003) for 1994 to 2002 and CEFAS data for 2002 to 2006. 
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Appendix 15 Itchen Estuary Morphological change 1783-2008  
Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1783-
1894 
Morphology (from map comparison) 
Appendix 16 
Channel migration from 
east to west in upper 
reaches  
Mudflat migration from east to 
west in upper reaches. Mid 
estuary predominately a 
change from mudflat to salt 
marsh. 
Large areas of salt 
marsh gain mid estuary.  
Large scale land claim occurred between 
1783 and 1894 associated with 
urbanisation, road and railway 
development (the line from Southampton 
to Woolston was opened in 1866 (Mitchell 
and Smith, 1986)) and agricultural use, this 
resulted in redirection of the channel, and 
migration of salt marsh and mudflats. 
 
Between 1829 and 1836 Spartina 
alterniflora Lois. Was found in the Itchen 
estuary (Marchant 1967; Ainouche et al. 
2004).The colonisation of its hybrid S. 
anglica in the Itchen Estuary can be 
clearly seen from the increase in salt 
marsh volume and area and decrease in 
mudflat area and volume during this 
epoch.  
 
The channel remained at the same depth 
within ranges of error, as there was no 
recorded dredging activity  
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
No change outside of 
range of error (from 17.0 
(+/-0.5) to 16.8 (+/-0.5)) 
Increased in height from 19.6 
(+/-0.1) to 19.8 (+/-0.1) 
No change outside of 
range of error (from 21.7 
(+/-0.1) to 21.8 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change outside of 
range of error  (from 5.1 
(+2.2/-1.5) to 5.6 (+2.0/-
1.4))  
Decreased in area from 14.4 
(+/-2.5) to 7.14 (+2.9/-2.5)  
Increased in area from 
1.6 (+0.7/-0.5) to 4.0 
(+0.8/-1.4)  
Volume Sediment Stored (areas given in 
x 10
6m
3) 
No change outside of 
range of error (from 8.7 
(+4.2/-2.9) to 9.4 (+3.8/-
2.6)) 
Decreased in volume from 
28.1 (+5.0/-4.8) to 14.1 (+5.7/-
5.0) 
Increased in volume 
(from 3.4 (+1.6/-1.1) to 
8.8 (+1.8/-3.1) 
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
0.9 (+0.5/-0.3)  8.0 (+/-1.4)  2.1 (+1.1/-0.9) 
1894-
1911 
Morphology (from map comparison) 
Appendix 17 
Deepening of channel 
edge around wharves 
Signs of frontal erosion of salt 
marsh as mudflat accretes 
north of Northam 
Signs of frontal erosion 
of salt marsh as mudflat 
accretes north of 
Northam 
There was not a significant change in the 
channel depth however there was a 
deepening at the channel edge as 
wharves began to develop along the 
estuary.  
 
There was an increase in mudflat area 
north of Northam as salt marsh started to 
erode indicating the start of the dieback of 
S. anglica. This change was within error 
ranges associated with the data however. 
 
There was land claim associated with 
urbanisation and wharf development. 
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
No change outside of 
range of error  (from 16.8 
(+/-0.5) to 16.7 (+/-0.5))  
No change outside of range 
of error (from 19.8  (+/-0.1) to 
19.8 (+/-0.1)) 
No change outside of 
range of error (from 21.9 
(+/-0.1) to 22.0 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change in area 
outside of range of error  
(from 5.6 (+2.0/-1.4) to 
5.8 (+2.0/-1.3))  
No change outside of range 
of error  (from 7.14 (+2.9/-2.5) 
to 6.8 (+2.4/-1.9)) 
No change outside of 
range of error  (from 4.0 
(+0.8/-1.4) to 3.5 (+0.8/-
1.1)) 
Volume Sediment Stored (areas given in 
x 10
6m
3) 
No change outside of 
range of error (from  9.4 
(+3.8/-2.6) 
 to 9.6 (+3.7/-
2.4))  
No change outside of range 
of error (from 14.1 (+5.7/-5.0) 
to 13.5 (+4.8/-3.8)) 
No change outside of 
range of error (from 8.8 
(+1.8/-3.1) to  7.6 (+1.8/-
2.4)) 
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
0.2 (+/-0.1)  0.8 (+/-0.3)  1.1 (+0.2/-0.4) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1911-
1932 
Morphology (from map comparison) 
Appendix 18 
Deepening of channel 
edge around wharves 
and estuary mouth 
Clear frontal erosion of salt 
marsh as mudflat accretes 
north of Northam on the 
eastern side of the channel. 
Accretion around wharves. 
Clear frontal erosion of 
salt marsh as mudflat 
accretes north of 
Northam on the eastern 
side of the channel  
There was a significant decline in salt 
marsh volume and area outside the error 
range and increase in mudflat volume 
north of Northam indicating further 
dieback of S. anglica marshes.  
 
There was land claim associated with 
urbanisation and wharf development. 
 
There was not a significant change in the 
channel depth however there was a 
deepening at the channel edge as 
wharves began to develop.  
 
There was also an increase in the depths 
of the channel towards the estuary mouth; 
this coincides with the dredging of the 
Main Channel between 1931 and 1936 to 
10.2m (ABP Research and Consultancy 
(1995a)) indicating a possible draw down 
of material from the Itchen to replace that 
lost from the Main Channel. 
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
No change outside of 
range of error  (from 16.7 
(+/-0.5) to 16.6 (+/-0.5)  
No change outside of range 
of error (from 19.8  (+/-0.1) to 
19.7(+/-0.1)) 
No change outside of 
range of error (21.8  (+/-
0.1) to 21.8  (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change in area 
outside of range of error  
(from  5.8 (+2.0/-1.3) to 
6.1 (+1.4/-1.1)) 
No change outside of range 
of error  (from 6.8 (+2.4/-1.9) 
to 8.3 (+2.4/-1.9)) 
Decreased in area from  
3.5 (+0.8/-1.1) to 0.8 (+/-
0.4) 
Volume Sediment Stored (areas given in 
x 10
6m
3) 
No change outside of 
range of error (from  9.6 
(+3.7/-2.4) to 10.1 (+2.7/-
2.2) 
No change outside of range 
of error (change from 13.5 
(+4.8/-3.8) to 16.5 (+4.6/-3.8)) 
Decreased in volume 
(from 7.6 (+1.8/-2.4) to 
1.7 (+0.9/-0.8)) 
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
0.1 (+/-0.03)  1.0 (+0.4/-0.3)  1.1 (+/-0.3) 
1932-
1947 
Morphology (from map comparison) 
Appendix 19 
Deepening around 
wharves in Southampton. 
No change in the Main 
Channel. 
Small scale increase in 
mudflat as salt marsh frontal 
erosion continued. 
Small scale increase in 
mudflat as salt marsh 
frontal erosion 
continued. 
Between 1932 and 1947 there was some 
frontal erosion of salt marsh through 
S.anglica die-back with equivalent 
accretion of mudflat however not at the 
rates experienced in the previous epoch. 
These changes were not out of the ranges 
of error so could have been attributed with 
the data inaccuracies also. 
 
There was some accretion in the upper 
reaches possibly indicating that sediment 
released from the marshes lower in the 
estuary were feeding sediment to the 
upper reaches. 
 
There was not a significant change in the 
channel depth however there was some 
deepening around wharves in 
Southampton but not outside error ranges. 
 
 
 
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
No change outside of 
range of error  (from 16.6 
(+/-0.5) to 16.6 (+/-0.5)) 
No change outside of range 
of error (from 19.7  (+/-0.1) to 
19.8(+/-0.1)) 
No change outside of 
range of error  (21.8 (+/-
0.1) to 21.9 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change outside of 
range of error  (from 6.1 
(+1.4/-1.1) to 6.0 (+1.4/-
1.1)) 
No change outside of range 
of error  (from 8.3 (+2.4/-1.9) 
to 8.4 (+1.9/-1.5)) 
No change outside of 
range of error  (from 0.8 
(+/-0.4) to 0.8 (+0.1/-
0.3)) 
Volume Sediment Stored (areas given in 
x 10
6m
3) 
No change outside of 
range of error (from 10.1 
(+2.7/-2.2) to 10.0 (+2.8/-
2.2)) 
No change outside of range 
of error (from  16.5 (+4.6/-3.8) 
to 16.7 (+3.7/-2.9)) 
No change outside of 
range of error (from 1.7 
(+0.9/-0.8) to 1.7 (+0.2/-
0.7)) 
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
0.2 (+/-0.1)  0.5  (+/-0.1)  0.4 (+/-0.2) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1947-
1965 
Morphology (from map comparison) 
Appendix 20 
Channel accretion at 
mouth and north of 
Northam. Channel 
deepening round 
Northam wharves. 
Small area of accretion in 
upper reaches of the estuary 
and mid estuary. 
Small area of accretion 
in upper reaches of the 
estuary and erosion mid 
estuary. 
By the end of this epoch salt marsh in the 
lower reaches of the estuary had 
disappeared due to a combination of land 
claim for urbanisation and erosion 
through S.anglica die-back (resulting in 
accretion of adjacent mudflat). Land claim 
also removed areas of mudflat.  
 
The accretion of the channel indicates that 
sediment which had eroded from the 
intertidal zone had accumulated in the 
channel. There was some channel 
deepening around Northam wharves for 
navigational access. However the change 
in average depth of the channel did not 
change outside the range of error. 
 
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
No change outside of 
range of error  (from 17.0 
(+/-0.5) to 16.9 (+/-0.1))  
No change outside of range 
of error (from 19.8  (+/-0.1) to 
19.8 (+/-0.1)) 
No change outside of 
range of error  (21.9 (+/-
0.1) to 21.9  (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change outside of 
range of error  (from 6.0 
(+1.4/-1.1) to 5.7 
(+1.4/1.1)) 
No change outside of range 
of error  (from 8.4 (+1.9/-1.5) 
to 8.1 (+1.7/-1.5)) 
No change outside of 
range of error  (from 0.8 
(+0.1/-0.3) to 0.1 
(+0.04/-0.03)) 
Volume Sediment Stored (areas given in 
x 10
6m
3) 
No change outside of 
range of error (from 10.0 
(+2.8/-2.2) 
 to 9.8 (+2.7/-
2.1))  
No change outside of range 
of error (from 16.7 (+3.7/-2.9) 
to 16.1 (+3.4/-2.9)) 
No change outside of 
range of error (from  1.7 
(+0.2/-0.7) to 0.02 (+/-
0.1))  
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
0.2 (+/-0.1)  2.0  (+0.4/-0.3)  0.6  (+0.1/-0.2) 
1965-
1976 
Morphology (from map comparison) 
Appendix 21 
Deepening of channel 
edge around wharves 
and quays 
Erosion around wharves and 
quays 
Further frontal erosion  Further development of the wharves 
and quays on the estuary resulted in the 
widening of the channel and deepening 
around access points. There was frontal 
loss and a decline in average mudflat 
height of the mudflat around the quays and 
widened channel indicating possible 
slumping of mudflat sediments into the 
dredged channel. This volume and area 
change was not outside error ranges so 
could have also been attributable to data 
errors. 
 
The salt marsh in the upper reaches of the 
estuary eroded indicating a decrease in the 
sediment reaching this point in the estuary, 
though this change was within error 
ranges. 
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
No change outside of 
range of error  (from 17.1 
(+/-0.5) to 17.3 (+/-0.3))  
Decreased in height from 19.8  
(+/-0.1) to 19.5(+/-0.1) 
No change outside of 
range of error  (from 
21.9  (+/-0.1) to 22.0 (+/-
0.1)) 
Area (areas given in x 10
5m
2)  No change outside of 
range of error  (from 5.7 
(+1.4/1.1) to 6.9 (+1.3/-
1.2) 
No change outside of range 
of error  (from 8.1 (+1.7/-1.5) 
to 6.9 (+/-1.4) 
No change outside of 
range of error  (from 0.1 
(+0.04/-0.03) to 0.1 (+/-
0.02)) 
Volume Sediment Stored (areas given in 
x 10
6m
3) 
No change outside of 
range of error (from 9.8 
(+2.7/-2.1) to 12.0 (+2.5/-
2.3))  
No change outside of range 
of error (from 16.1 (+3.4/-2.9) 
to 13.4 (+2.7/-2.8)) 
No change outside of 
range of error (from 0.02 
(+/-0.1) to 0.01 (+/-0.1)) 
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
0.1 (+/-0.03)  1.2 (+/-0.2)  0.01 (+0.06/-0.05) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1976-
1996 
Morphology (from map comparison) 
Appendix 22 
No significant change  No significant change   No significant change   Between 1976 and 1996 the salt marsh, 
mudflat and channel volumes remained 
stable and mudflat height had a slight 
increase indicating that there were no 
significant changes in the conditions 
within the estuary.  
 
There was minor land claim associated 
with urbanisation. 
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
No change outside of 
range of error  (from 17.3 
(+/-0.3) to 17.3 (+/-0.1)) 
Increased in height from 19.5 
(+/-0.1) to 19.7 (+/-0.1) 
No change outside of 
range of error (22.0 (+/-
0.1) to 22.0 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change outside of 
range of error  (from 6.9 
(+1.3/-1.2) to 6.9 (+2.4/-
1.1)) 
No change outside of range 
of error  (from  6.9 (+/-1.4) to 
6.6 (+1.3/-1.3)) 
No change outside of 
range of error  (area 
changed from 0.1 (+/-
0.02) to 0.1 (+/-0.01)) 
Volume Sediment Stored (areas given in 
x 10
6m
3) 
No change outside of 
range of error (from 12.0 
(+2.5/-2.3)  to 11.9 
(+4.3/-2.1))  
No change outside of range 
of error (from 13.4 (+2.7/-2.8) 
to 13.0 (+2.5/-2.6)) 
No change outside of 
range of error (from 0.01 
(+/-0.1) to 0.01 (+/-0.03))  
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
0.1 (+/-0.02)  0.9 (+/-0.2)  0.01 (+/-0.03) 
1996-
2001 
Morphology (from map comparison) 
Appendix 23 
There was an increase in 
channel depth in the 
lower reaches and 
increase in the upper 
reaches  
Small area of mudflat loss 
north of Northam. Mall area of 
mudflat gain in upper reaches. 
Small area of salt marsh 
loss in upper reaches. 
There was a deepening of the channel in 
the lower reaches of the estuary; this 
coincided with two years in which large 
maintenance dredges were carried out 
for the wharves and quays (19.16 x 10
6m
3 
was removed in 1997 and 31.12 x 10
6m
3 
was removed in 2000) (Horter, 2003).  
 
The accretion of the channel in the upper 
reaches indicates that sediment 
disturbed by dredging may have been 
carried upstream.  
 
There was further erosion of the salt marsh 
in the upper estuary indicating a lack of 
sediment in this point in the estuary to 
sustain intertidal stores. 
 
There was minor land claim associated 
with urbanisation. 
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
No change outside of 
range of error  (from 17.3 
(+/-0.1) to 17.3 (+/-0.1))  
No change outside of range 
of error (from 19.7  (+/-0.1) to 
19.8 (+/-0.1)) 
No change outside of 
range of error (22.0 (+/-
0.1) to 21.9 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change in area 
outside of range of error  
(from  6.9 (+2.4/-1.1) to 
6.8 (+1.5/-1.1)) 
No change in area outside of 
range of error  (from 6.6 
(+1.3/-1.3) to 6.3 (+/-1.2)) 
Decreased in area (from 
0.1 (+/-0.01) to 0.02 (+/-
0.01) 
Volume Sediment Stored (areas given in 
x 10
6m
3) 
No change outside of 
range of error (from 11.9 
(+4.3/-2.1)
  to 11.7 (+2.7/-
1.8))  
No change outside of range 
of error (from 13.0 (+2.5/-2.6) 
to 12.5 (+2.4/-2.3)) 
No change outside of 
range of error (from 0.1 
(+/-0.01) to 0.02 (+/-
0.01))  
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
0.2 (+/-0.1)  0.8 (+/-0.2)  0.01 (+/-0.04) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
2001-
2008 
Morphology (from map comparison) 
Appendix 24 
Minor increase in 
channel depths at 
estuary mouth. 
 Mudflat stable.   Small area of accretion 
in upper reaches. 
There was no change in the mudflat or 
channel volumes or areas outside error 
ranges. 
 
There was a small area of accretion of the 
salt marsh in the upper reaches possibly 
as a result of an increase in sediment in 
the northern reaches in the previous 
epoch. This resulted in an increase in the 
average salt marsh height. 
 
There was erosion of the channel at the 
mouth this could have been related to 
slumping of material in to the Main 
Channel following the 1994-1997 dredges 
(Horter (2003).  
 
Changes in legislation surrounding land 
claim resulted in no land claim occurring in 
this epoch. 
 
 
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
Increase in channel 
depth (from 17.3 (+/-0.1) 
to 16.9 (+/-0.1). The 
sediment in the 
channel i.e. reduced by 
0.4 (+/-0.1).  
No change outside of range 
of error (from 19.8  (+/-0.1) to 
19.7 (+/-0.1)) 
Increased in height 
from 21.9 (+/-0.1) to 
22.4 (+/-0.1) 
Area (areas given in x 10
5m
2)  No change in area 
outside of range of error  
(from  6.8 (+1.5/-1.1) to  
6.8 (+1.4/-1.1)) 
No change in area outside of 
range of error  (from 6.3 (+/-
1.2) to 6.3 (+/-1.2)) 
No change outside of 
range of error  (from  
0.02 (+/-0.01) to 0.04 
(+/-0.02) 
Volume Sediment Stored (areas given 
in x 10
6m
3) 
No change outside of 
range of error (from 11.7 
(+2.7/-1.8) 
 to 11.5 
(+2.6/-1.9))  
No change outside of range 
of error (from 12.5 (+2.4/-2.3) 
to 12.5 (+2.3/-2.4)) 
No change outside of 
range of error (from 0.04 
(+/-0.03)  to 0.09 (+/-
0.07)) 
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
No land claim from 
channel 
None  None 
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Period  Input  Change in Storage (Excluding land claim) (Erosion represents an increase in the sediment available to the rest of the 
system so is a positive value, and accretion a sediment demand so is a negative value) 
   River  Error (Plus)  Error 
(Minus) 
Channel  Error 
(Plus) 
Error 
(Minus) 
Mudflat  Error (Plus)  Error 
(Minus) 
Salt marsh  Error 
(Plus) 
Error 
(Minus) 
2001-2008  1.5  6.8  0.8  -35.7  8.1  5.6  -6.0  1.2  1.1  -7.4  5.5  2.7 
1996-2001  1.5  6.8  0.8  -5.4  1.9  0.9  -60.9  11.6  12.4  -9.2  24.5  23.7 
1976-1996  1.5  6.8  0.8  2.7  0.6  0.5  -23.4  4.7  4.8  -0.2  1.0  1.0 
1965-1976  1.5  6.8  0.8  211.0  58.2  45.1  138.4  29.3  25.3  -0.6  2.5  2.4 
1947-1965  1.5  6.8  0.8  3.9  1.1  0.9  -75.1  16.5  13.2  60.8  8.3  23.4 
1932-1947  1.5  6.8  0.8  2.7  0.7  0.6  -46.5  13.1  10.8  -24.1  12.1  11.3 
1911-1932  1.5  6.8  0.8  25.9  10.0  6.4  -186.9  65.8  52.6  229.9  53.2  71.6 
1894-1911  1.5  6.8  0.8  26.5  10.9  7.4  -13.6  5.5  4.8  7.9  1.6  2.8 
1783-1894  1.5  6.8  0.8  14.5  7.0  4.8  53.5  9.5  9.1  -70.7  32.6  23.5 
 
Period  Outputs  Sum of Inputs, Outputs 
and Change in Storage 
Volume of sediment needed to balance budget 
(Positive represents marine input, negative 
marine output) 
   Capital 
Dredging 
Error 
(Plus) 
Error 
(Minus) 
Maintenance 
Dredging 
Error 
(Plus) 
Error 
(Minus) 
   Marine Exchange  Error (Plus)  Error (Minus) 
2001-2008  0.0  0.0  0.0  -9.9  4.9  4.9  -57.5  57.5  13.0  8.1 
1996-2001  0.0  0.0  0.0  -11.0  5.5  5.5  -85.0  85.0  28.6  27.3 
1976-1996  -2.7  0.6  0.5  -8.4  4.2  4.2  -30.5  30.5  9.4  6.6 
1965-1976  -211.0  58.2  45.1  -11.4  5.7  5.7  128.0  -128.0  87.8  68.9 
1947-1965  -3.9  1.1  0.9  -11.0  5.5  5.5  -23.8  23.8  20.5  27.4 
1932-1947  -2.7  0.7  0.6  -11.0  5.5  5.5  -80.1  80.1  19.9  16.6 
1911-1932  -25.9  10.0  6.4  -7.0  3.5  3.5  37.6  -37.6  86.1  89.4 
1894-1911  -26.5  10.9  7.4  -6.1  3.0  3.0  -10.3  10.3  18.0  12.3 
1783-1894  -14.5  7.0  4.8  -2.4  1.2  1.2  -18.1  18.1  36.0  26.2 
 
Appendix 25 Itchen Estuary Sediment Budget 1783-2008 (x10
3 m
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Location  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  2004  2005  2006  Total  Average 
ABP 
Southampton 
187.52  336.91  52.02  376.42  314.45  250.38  396.28  390.76  381.26  809.60  411.26  918.00  500.35  5,325.20  443.77 
Eling Wharf  7.33           9.04                          16.37  1.36 
Southern 
Water 
Slowhill 
6.23                                      6.23  0.52 
Marchwood 
Military Port 
                     76.87                 76.87  6.41 
Marchwood 
Wharf 
         5.93                             5.93  0.49 
Total  201.08  336.91  52.02  382.35  323.49  250.38  396.28  467.62  381.26  809.60  411.26  918.00  500.35  5,430.60  452.55 
Appendix 26 Historical dredge volumes for Individual Quays and Wharfs on the Test Estuary 1994 to 2006. Volumes given in x10
3m
3. 
Data from Horter (2003) for 1994 to 2002 and CEFAS data for 2002 to 2006. Note ABP dredge figures include dredge volumes for the Main 
Channel and the Test Estuary as the original recorded dredges do not differentiate between locations. 
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Appendix 27 Test Estuary Morphological change 1783-2008 
Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1783-
1894 
Morphology (from map comparison) 
Appendix 28 
No change   Frontal erosion of 
mudflat. Mudflat accreted 
to form salt marsh at 
Marchwood. 
Mudflat accreted to form salt 
marsh at Marchwood. 
Between 1793 and 1894 there was no significant 
change in the channel volume and area.  
 
Mudflat decreased in height and volume through frontal 
erosion. In 1889 the first recorded dredge in 
Southampton Water occurred, in 1893-6 the Main 
Channel was also dredged to 8.6m below chart datum 
(ABP Research and Consultancy (1995a) and Horter 
(2003). This dredging of the Main Channel could have 
been the reason for the slumping of the mudflat 
towards the south of the Test Estuary.   
 
The colonisation of the hybrid S. anglica in 
Southampton Water in this epoch is visible near 
Marchwood where mudflat converted to salt marsh. 
 
Urbanisation and agricultural use resulted in the 
immobilisation of intertidal sediment and the channel.  
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
No change outside of range 
of error (from 16.7(+/-0.5) to 
16.6 (+/-0.5)) 
Decreased in height 
(from 19.7 (+/-0.1) to 19.3 
(+/-0.1)) 
No change outside of range 
of error (from 21.9 (+/-0.1) to 
21.8 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change outside of range 
of error  (from 14.8 (+4.8/-
3.8) to 15.0 (+8.0/-1.3))  
No change outside of 
range of error (from 51.8 
(+5.8/-3.9) to 46.7 (+6.0/-
6.5)  
No change outside of range 
of error  (from 12.0 (+2.5/-
3.0) to 9.7 (+1.9/-2.4))  
Volume Sediment Stored (areas 
given in x 10
6m
3) 
No change outside of range 
of error (from 8.6 (+4.1/-3.1) 
to 11.2 (+6.1/-3.7)) 
Decreased in volume 
(from 101.7 (+11.3/-7.6) 
to 89.9 (+11.5/-12.5)) 
No change outside of range 
of error (from 26.3 (+5.5/-6.6) 
to 21.1 (+4.2/-5.2)) 
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
2.3 (+/-0.1)  5.2 (+0.6/-0.4)  7.8 (+1.6/-1.9) 
1894-
1911 
Morphology (from map comparison) 
Appendix 29 
Some deepening of mid 
reaches of the channel.   
Frontal erosion of mudflat 
in the middle of the 
channel.  
No change.   Between 1894 and 1911 there was minor accretion of 
the channel and mudflat possibly to gain access to 
Eling Wharf, these were not outside of error ranges.  
 
Land claim was associated with urbanisation.  
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
No change outside of range 
of error  (from 16.6 (+/-0.5) 
to 16.6 (+/-0.5))  
No change outside of 
range of error (from 19.3  
(+/-0.1) to 19.3 (+/-0.1)) 
No change outside of range 
of error (from 21.8 (+/-0.1) to 
21.8 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change in area outside 
of range of error  (from 15.0 
(+8.0/-1.3)  to 15.5 (+6.0/-
3.7))  
No change outside of 
range of error  ( from 46.7 
(+6.0/-6.5) to 45.4 (+4.5/-
5.1)) 
No change outside of range 
of error  (from  9.7 (+1.9/-2.4) 
to 10.0 (+1.4/-1.8)) 
Volume Sediment Stored (areas 
given in x 10
6m
3) 
No change outside of range 
of error (from 11.2 (+6.1/-
3.7) 
 to 11.4 (+4.6/-3.1)) 
No change outside of 
range of error (from 89.9 
(+11.5/-12.5) to 87.8 
(+8.6/-9.8)) 
No change outside of range 
of error (change from  21.1 
(+4.2/-5.2) to 21.9 (+3.0/-
3.8)) 
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
1.0 (+/-0.1)  1.6 (+/-0.2)  0.3 (+/-0.1) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1911-
1932 
Morphology (from map comparison) 
Appendix 30 
Deepening of the channel at 
the Western Docks. 
Accretion/direct removal 
of the mudflat by the 
Western Dock. 
Slow frontal erosion of the 
salt marsh.   
Although changes in the channel were within error 
ranges associated with data records of dredging show 
the estuary was widened and deepened in 
association with the development of the Western 
Docks between 1927 and 1934 (ABP Research and 
Consultancy 1995d). 
 
Mudflat area and volume decreased probably through 
direct dredging associated with gaining access to the 
Western Docks. Salt marsh frontal erosion occurred 
north of Marchwood indicating a slumping of the 
intertidal habitat in to the dredged channel. 
 
The construction of the Western Docks resulted in 
large scale land claim resulting in the immobilisation 
of sediment (ABP Research and Consultancy 1995d). 
 
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
No change outside of range 
of error  (from 16.6 (+/-0.5) 
to 15.9 (+/-0.5))  
No change outside of 
range of error (from 19.3 
(+/-0.1) to 19.4  (+/-0.1)) 
No change outside of range 
of error (from 21.8 (+/-0.1) to 
21.8 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change in area outside 
of range of error  (from 15.5 
(+6.0/-3.7)  to 18.3 (+7.4/-
3.0)) 
Decreased in area  (from  
45.4 (+4.5/-5.1) to 23.4 
(+3.8/-3.5)) 
Decreased in area  (from 
10.0 (+1.4/-1.8) to 8.1 (+1.3/-
1.6) 
Volume Sediment Stored (areas 
given in x 10
6m
3) 
No change outside of range 
of error (from 11.4 (+4.6/-
3.1) to 12.6 (+4.7/-3.1) 
Decreased in volume 
(from 87.8 (+8.6/-9.8) to  
45.4 (+7.4/-6.8)  
Decreased in volume (from 
21.9 (+3.0/-3.8) to 17.6 
(+2.9/-3.5) 
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
1.1 (+0.5/-0.3)  30.8 (+3.0/-3.5)  4.5 (+0.6/-0.8) 
1932-
1947 
Morphology (from map comparison) 
Appendix 31 
Channel deepened and 
widened for Western Dock.   
Mudflat converted to salt 
marsh near Totton and 
north of the Western 
Dock. 
Mudflat converted to salt 
marsh near Totton and north 
of the Western Dock. 
For vessel access to the Western Docks the channel 
was deepened during this epoch. 
 
There was accretion of the mudflat to form salt marsh. 
A possible reason for this is that the increased ship 
movement to the estuary associated with the 
Western Dock development resulted in the spread 
of S. anglica propagules to this area later than the 
rest of Southampton Water resulting in salt marsh 
developing lower in the tidal range than previously 
found in the study period. An alternative reason could 
be that the dredging associated with the Western 
Dock development resulted in the mobilisation of 
channel sediment which fed the mudflat with 
sediment. However these changes were within the 
range of data error. 
 
Further land claim for the development of the 
Western Dock resulted in immobilisation of sediment.  
 
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
Increased in depth (from 
15.9 (+/-0.5) to 13.2 (+/-0.5). 
The channel i.e. was 
deepened by 2.7 (+/-0.5). 
Increased in height  (19.4  
(+/-0.1) to 19.8  (+/-0.1)) 
No change outside of range 
of error (from 21.8 (+/-0.1) to 
21.8 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change outside of range 
of error (from 18.3 (+7.4/-
3.0) to 22.5 (+4.2/-3.1)) 
No change outside of 
range of error  (from 23.4 
(+3.8/-3.5) to 21.4 (+3.7/-
3.4)) 
No change outside of range 
of error  (from 8.1 (+1.3/-1.6) 
to 8.7 (+1.6/-1.7)) 
Volume Sediment Stored (areas 
given in x 10
6m
3) 
No change outside of range 
of error (from 18.3 (+7.4/-
3.0) to 22.5 (+4.2/-3.1)) 
No change outside of 
range of error (from 45.4 
(+7.4/-6.8) to 42.4 (+7.2/-
6.8)) 
No change outside of range 
of error (from 17.6 (+2.9/-3.5) 
to 19.0 (+3.4/-3.4)) 
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
0.01 (+/-0.001)  1.2  (+/-0.2)  1.9 (+0.3/-0.4) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1947-
1965 
Morphology (from map comparison) 
Appendix 32 
Channel was deepened 
around ship yard, hard and 
landing stage. Accretion of 
the channel in front of 
deepened ship yard. 
Accretion of mudflat to 
form salt marsh on 
eastern side of the 
estuary. Mudflat accreted 
south of Marchwood.  
 Frontal erosion of salt 
marsh. 
Although within error ranges there was a decline in 
mudflat volume probably as a result of the 
straightening of the western channel to improve 
access to the docks between 1950 and 1951 
(Southampton Harbour Board, 1953). 
 
There was frontal erosion of the salt marsh and 
mudflats nearest to the docks possibly through 
slumping of intertidal sediment in to the dredged 
channel. Accretion of the channel adjacent to dredged 
areas indicates further slumping of material to replace 
that removed by dredging. 
 
Small areas of land claim are associated with 
industrial and port development. 
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
No change outside of range 
of error  (from 13.2 (+/-0.5) 
to 13.6 (+/-0.5))  
No change outside of 
range of error (from 19.8 
(+/-0.1) to 19.8  (+/-0.1)) 
No change outside of range 
of error (from 21.8 (+/-0.1) to 
21.9 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change outside of range 
of error  (from 22.5 (+4.2/-
3.1) to 23.2 (+/-3.2)) 
No change outside of 
range of error  (from 21.4 
(+3.7/-3.4) to 19.0 (+/-
2.6)) 
No change outside of range 
of error  (from 8.7 (+1.6/-1.7) 
to 8.1 (+1.0/-0.9)) 
Volume Sediment Stored (areas 
given in x 10
6m
3) 
No change outside of range 
of error (from 12.7 (+5.2/-
3.4) 
 to 14.2 (+5.0/-3.6))  
No change outside of 
range of error (from 42.4 
(+7.2/-6.8) to 37.7 (+5.1/-
5.2)) 
No change outside of range 
of error (from 19.0 (+3.4/-3.4) 
to 17.6 (+/-2.0))  
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
1.5 (+/-0.3)  2.3  (+/-0.4)  1.1  (+/-0.2) 
1965-
1976 
Morphology (from map comparison) 
Appendix 33 
Channel deepened opposite 
the Container Terminal and 
Docks. Accretion in the 
middle of the channel. 
Accretion of the mudflat 
north of Marchwood. 
Accretion of mudflat as 
salt marsh erodes.  
Accretion of mudflat as salt 
marsh erodes and opposite 
the Container Terminal. 
Between 1966 and 1978 the Price Charles Container 
Terminal was developed (ABP Research & 
Consultancy Ltd, 1995d) resulting in the direct removal 
of mudflats and salt marsh through dredging to create a 
swinging ground and access to the terminal and the 
land claim of salt marsh remaining on the north eastern 
side of the channel.  
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
No change outside of range 
of error  (from 13.6 (+/-0.5) 
to 14.2 (+/-0.3))  
Increased in height 
(19.8 (+/-0.1) to 20.0 (+/-
0.1) 
No change outside of range 
of error (from 21.9 (+/-0.1) to 
21.9 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change outside of range 
of error  (from 23.2 (+/-3.2) 
to 26.4 (+2.5/-3.0)) 
Decreased in area  (from  
19.0 (+/-2.6) to 8.6 (+2.1/-
1.8)) 
Decreased in area  (from 
8.1 (+1.0/-0.9) to 4.1 (+1.4/-
0.7)) 
Volume Sediment Stored (areas 
given in x 10
6m
3) 
No change outside of range 
of error (from 14.2 (+5.0/-
3.6) to 17.0 (+4.1/-3.2))  
Decreased in volume 
(from 37.7 (+5.1/-5.2) to 
17.2 (+4.2/-3.6) 
Decreased in volume (from 
17.6 (+/-2.0) to 9.1 (+3.0/-
1.6)  
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
2.8 (+/-0.5)  13.7 (+/-1.9)  5.5 (+/-0.6) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1976-
1996 
Morphology (from map comparison) 
Appendix 34 
Channel deepened opposite 
container terminal, and ship 
repair yard. Channel 
accreted opposite Docks.  
 Mudflat accreted where 
salt marsh frontally 
eroded. 
Accretion of mudflat as salt 
marsh frontally erodes. 
Between 1976 and 1996 the average depth of the 
channel in the Test Estuary increased for vessel 
access to the Prince Charles Container Terminal.  
 
There was frontal erosion of the salt marsh next to the 
swinging ground indicating the slumping of the 
intertidal sediment into dredged channels however 
this was within error ranges.  
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
Increased in depth from 14.2 
(+/-0.3) to 11.7 (+/-0.1). The 
channel was i.e. deepened 
by 2.5 (+/-0.3)  
No change outside of 
range of error (from 20.0  
(+/-0.1) to 20.0 (+/-0.1)) 
No change outside of range 
of error (from 21.9 (+/-0.1) to 
22.0 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change outside of range 
of error  (from 26.4 (+2.5/-
3.0) to 26.2 (+2.9/-2.6) 
No change outside of 
range of error  (from 8.6 
(+2.1/-1.8) to 8.8 (+1.7/-
1.5) 
No change outside of range 
of error  (from 4.1 (+1.4/-0.7) 
to 3.5 (+0.9/-0.1)) 
Volume Sediment Stored (areas 
given in x 10
6m
3) 
No change outside of range 
of error (from 17.0 (+4.1/-
3.2) to 18.9 (+4.8/-3.9))  
No change outside of 
range of error (from 17.2 
(+4.2/-3.6) to 17.6 (+3.3/-
2.9)) 
No change outside of range 
of error (from 9.1 (+3.0/-1.6) 
to 7.6 (+2.0/-0.1))  
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
0.1 (+/-0.01)  1.0 (+/-0.2)  No land claim from salt 
marsh 
1996-
2001 
Morphology (from map comparison) 
Appendix 35 
Channel deepened opposite 
Container Terminal and 
upper reaches.  
No change  Salt marsh in upper estuary 
converted to land. 
Between 1976 and 1996 the average depth of the 
channel in the Test Estuary increased again through 
completion of the Prince Charles container terminal 
deepening. Sediment begun to accumulate in both the 
turning circle and Marchwood Military Port following 
dredging activities in the previous epoch. 
 
There was frontal erosion of the salt marsh and 
accretion of the navigational channel next to the 
swinging ground indicating the slumping of the 
intertidal sediment into dredged channels however 
this was within error ranges. 
 
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
Increase in depth from 11.7 
(+/-0.1) to 10.3 (+/-0.1). The 
channel was i.e. deepened 
by 1.4 (+/-0.1)  
No change outside of 
range of error (from 20.0  
(+/-0.1) to 20.1 (+/-0.1)) 
No change outside of range 
of error (from 22.0 (+/-0.1) to 
22.1 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change in area outside 
of range of error  (from 26.2 
(+2.9/-2.6) to 25.8 (+2.8/-
2.5) 
No change outside of 
range of error  (from 8.8 
(+1.7/-1.5) to 8.7 (+2.0/-
1.4) 
No change outside of range 
of error  (from  3.5 (+0.9/-0.1) 
to 3.0 (+0.5/-0.6)) 
Volume Sediment Stored (areas 
given in x 10
6m
3) 
No change outside of range 
of error (from 18.9 (+4.8/-
3.9)
  to 18.6 (+4.6/-3.4))  
No change outside of 
range of error (from 17.6 
(+3.3/-2.9) to 17.4 (+4.1/-
2.8))  
No change outside of range 
of error (from 7.6 (+2.0/-0.1) 
to 6.7 (+1.1/-1.3)) 
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
1.6 (+/-0.2)  0.7 (+/-0.1)  0.9 (+0.2/-0.01) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
2001-
2008 
Morphology (from map comparison) 
Appendix 36 
Channel deepened from 
Marchwood to container 
terminal. Upper reaches and 
around military port 
accreted.  
Mudflat slowly accreting 
as salt marsh erodes 
Slow accretion in upper 
reaches 
In both 2003 and 2005 there were larger than average 
maintenance dredges (Appendix 14).so that the 
channel appears to have deepened, however compared 
to the 1996-2001 epoch it is clear that sediment had 
previously begun to accumulate in the channel and was 
being removed.  
 
Sediment continued to accumulate in Marchwood 
Military Port. 
 
There was frontal erosion of the salt marsh and 
accretion of the navigational channel next to the 
swinging ground indicating the slumping of the 
intertidal sediment into dredged channels however 
this was within error ranges. 
 
Changes in legislation surrounding land claim resulted 
in no land claim occurring in this epoch. 
 
 
Topography (taken as mean height 
above -20.47m)  (heights given in m) 
No change outside of range 
of error  (from 10.3 (+/-0.1) 
to 10.4(+/-0.1))  
No change outside of 
range of error (from 20.1  
(+/-0.1) to 20.1 (+/-0.1)) 
No change outside of range 
of error (from 22.0 (+/-0.1) to 
22.2 (+/-0.1)) 
Area (areas given in x 10
5m
2)  No change in area outside 
of range of error  (from 25.8 
(+2.8/-2.5) to 24.9 (+3.6/-
1.6)) 
No change in area 
outside of range of error  
(from 8.7 (+2.0/-1.4) to 
8.8 (+2.4/-1.5)) 
No change outside of range 
of error  (from 3.0 (+0.5/-0.6) 
to 3.2 (+0.6/-0.5)) 
Volume Sediment Stored (areas 
given in x 10
6m
3) 
No change outside of range 
of error (from 18.6 (+4.6/-
3.4) 
 to 19.1 (+4.0/-4.1))  
No change outside of 
range of error (from 17.4 
(+4.1/-2.8) to 17.8 (+4.9/-
3.1))  
No change outside of range 
of error (from 6.7 (+1.1/-1.3) 
to 7.0 (+1.3/-1.2)) 
Volume Immobilised (Land Claim) 
(volumes given in x 10
6m
3) 
No land claim from channel  No land claim from 
mudflat 
No land claim from salt 
marsh 
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Period  Input  Change in Storage (Excluding land claim) (Erosion represents an increase in the sediment available to the rest of the 
system so is a positive value, and accretion a sediment demand so is a negative value) 
   River  Error (Plus)  Error 
(Minus) 
Channel  Error 
(Plus) 
Error 
(Minus) 
Mudflat  Error (Plus)  Error 
(Minus) 
Salt marsh  Error 
(Plus) 
Error 
(Minus) 
2001-2008  3.4  21.6  2.4  -110.6  13.7  12.1  -50.7  11.8  8.3  -42.8  7.2  8.0 
1996-2001  3.4  21.6  2.4  -510.7  63.5  57.7  -99.6  18.8  16.4  -0.1  0.0  0.0 
1976-1996  3.4  21.6  2.4  -338.1  40.7  47.3  -71.0  17.2  14.8  74.2  24.2  12.9 
1965-1976  3.4  21.6  2.4  806.0  133.9  132.0  623.3  84.6  85.0  271.0  31.5  30.0 
1947-1965  3.4  21.6  2.4  185.9  43.7  33.2  131.8  22.5  21.2  18.5  3.3  3.3 
1932-1947  3.4  21.6  2.4  -94.1  34.5  5.7  128.8  20.9  19.4  -225.0  37.3  44.6 
1911-1932  3.4  21.6  2.4  300.2  129.3  80.9  555.7  54.5  62.1  -11.0  1.5  1.9 
1894-1911  3.4  21.6  2.4  108.7  63.2  12.9  27.9  3.6  3.9  -65.0  13.0  16.0 
1783-1894  3.4  21.6  2.4  22.4  8.2  6.4  59.8  6.6  4.5  -23.5  4.9  5.9 
 
 
Period  Outputs  Sum of Inputs, Outputs 
and Change in Storage 
Volume of sediment needed to balance 
budget (Positive represents marine input, 
negative marine output) 
   Capital 
Dredging 
Error (Plus)  Error (Minus)  Maintenance 
Dredging 
Error (Plus)  Error 
(Minus) 
   Marine 
Exchange 
Error 
(Plus) 
Error (Minus) 
2001-2008  0.0  0.0  0.0  -321.1  160.5  160.5  -521.7  521.7  163.1  161.4 
1996-2001  0.0  0.0  0.0  -149.0  74.5  74.5  -756.0  756.0  102.0  95.7 
1976-1996  0.0  0.0  0.0  -345.2  172.6  172.6  -676.6  676.6  181.1  180.0 
1965-1976  -806.0  133.9  132.0  -148.3  74.1  74.1  749.4  -749.4  223.6  220.1 
1947-1965  -185.9  43.7  33.2  -109.0  54.5  54.5  44.8  -44.8  88.1  75.1 
1932-1947  0.0  0.0  0.0  -198.0  99.0  99.0  -384.9  384.9  115.3  110.5 
1911-1932  -300.2  129.3  80.9  -50.3  25.2  25.2  497.8  -497.8  193.6  132.6 
1894-1911  -108.7  63.2  12.9  -1.4  0.7  0.7  -35.0  35.0  93.0  24.7 
1783-1894  -22.4  8.2  6.4  0.0  0.0  0.0  39.7  -39.7  25.9  11.9 
Appendix 37 Test Estuary Sediment Budget 1783-2008 (x10
3 m
3/yr) (Blue is an input to the sediment budget and pink is an output)Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Location  1994  1995  1996  1997  1998  1999  2000  2001  2002  2003  2004  2005  2006  Total  Average 
ABP 
Southampton  187.52  336.91  52.02  376.42  314.45  250.38  396.28  390.76  381.26  809.60  411.26  918.00  500.35  5,325.20  443.77 
BP Oil Hamble 
Terminal              3.62  13.20        1.88              18.70  1.56 
Esso Fawley 
Marine 
Terminal 
108.27  85.00  24.05  105.91  97.75  47.06     97.40  72.70  220.65  240.09  83.64     1,182.51  98.54 
Hythe Marina  3.51     5.86        5.75     5.00     59.82  180.94  6.36     267.24  22.27 
RAF Hythe     29.59  18.00  18.36  37.96  36.70  20.09  25.76  14.62     26.53  57.92  11.58  297.09  24.76 
Ocean Village           5.19           7.54  5.37              18.10  1.51 
Southern 
Water Weston 
Jetty 
   2.72                                   2.72  0.23 
International 
Boat Show                 0.25        0.38              0.63  0.05 
Vosper 
Thornycroft     3.44  0.51  1.28  0.49  0.42  5.77     3.18              15.08  1.26 
Total  299.31  457.66  100.43  507.16  454.26  353.77  422.14  526.44  479.37  1,090.07  858.82  1,065.92  511.93  7,127.26  593.94 
Appendix 38 Historical dredge volumes for Individual Quays and Wharfs on the Main Channel 1994 to 2006. Volumes given in x10
3m
3. 
Data from Horter (2003) for 1994 to 2002 and CEFAS data for 2002 to 2006. Note ABP dredge figures include dredge volumes for the Main 
Channel and the Test Estuary as the original recorded dredges do not differentiate between locations. 
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Appendix 39 Main Channel Morphological change 1783-2008 
Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1783-
1894 
Morphology (from map 
comparison) Appendix 
40 
The channel deepened at 
the edge on both sides of 
the estuary and around 
docks. 
Mudflat accreted to form 
extensive salt marsh on 
the western shore. 
Frontal loss of mudflat 
along the Main Channel 
occurred. 
Mudflat accreted to form 
extensive salt marsh on 
the western shore. 
The Port Outer Dock was developed in 1842 and Empress 
Dock in 1890 and Eastern Dock between 1839 and 1911 
(Southampton City Council, 2005). In 1889 the first recorded 
capital dredge of Southampton Water Main Channel occurred 
(ABP Research and Consultancy, 1995d). The events widened 
and increased the volume of the Main Channel (the average 
height decreased as the channel was widened meaning more of 
the channel was of subtidal height). Mudflat frontally eroded this 
could have been through direct removal through dredging or 
slumping of the intertidal sediment in to dredged channels. 
 
In 1879 Spartina alterniflora Lois. was found near Hythe (Groves 
and Groves, 1880) its hybrid S. anglica spread rapidly in the 
Main Channel resulting in the colonisation of mudflat to form salt 
marsh. Between 1783 and 1894 there was an increase in salt 
marsh volume and a decrease in mudflat volume probably due to 
the spread of S. anglica.  
 
Land claim for the development of the Eastern Dock 
contributed to the immobilisation of mudflat and agricultural 
development resulted in the immobilisation of salt marsh 
sediment.  
 
 
Topography (taken as 
mean height above -
20.47m)  (heights given 
in m) 
Decreased in depth from 
11.5 (+/-0.5) to 12.5 (+/-
0.5).The sediment in the 
channel i.e. accreted by 
1.0 (+/-0.5). 
Decreased in height 
from 19.8 (+/-0.1) to 
19.6 (+/-0.1) 
No change outside of 
range of error (from 22.0 
(+/-0.1) to 21.7 (+/-0.1)) 
Area (areas given in x 
10
5m
2) 
Increased in area  (from 
118.7 (+6.3/-4.7) to 144.2 
(+13.7/-6.8)  
Decreased in area from 
153.3 (+11.0/-5.1) to 
78.3 (+11.5/-9.7)  
Increased in area from 
21.2 (+3.3/-4.3) to 54.0 
(+5.0/-12.4)  
Volume Sediment Stored 
(areas given in x 10
6m
3) 
Increased in volume 
from 136.9 (+14.2/-11.9) 
to 180.2 (+25.8/-16.4) 
therefore sediment 
stored in channel 
decreased by 43.3 (+6.2/-
3.9) 
Decreased in volume 
from 302.9 (+21.7/-10.1) 
to 153.6 (+22.5/-19.2) 
Increased in volume 
from 46.5 (+7.3/-7.1) to 
117.4 (+10.8/-26.9)  
Volume Immobilised 
(Land Claim) (volumes 
given in x 10
6m
3) 
1.7 (+/-0.2)  15.8 (+1.1/-0.5)  35.4 (+5.6/-5.4) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1894-
1911 
Morphology (from map 
comparison)  Appendix 
41 
The channel deepened 
parallel to the western 
shore. The channel 
accreted in the middle of 
the channel and in the 
Empress Dock. 
Mudflat eroded around 
the port and near 
Hamble on the eastern 
shore 
Salt marsh now lined the 
western shore. There was 
some erosion at the marsh 
edge. 
Between 1893 and 1896 the Main Channel above Fawley was 
dredged to 8.6m below CD and in 1907 the channel was 
increased to 9.3m below CD for new liners and there was 
deepening around the Eastern Dock (ABP Research & 
Consultancy Ltd, 1995d). The main shipping channel was clearly 
defined. Areas of channel accretion appeared on the eastern 
side of channel, this was accompanied by frontal mudflat erosion 
near the mouth of the Itchen. This accumulation of sediment in 
the channel indicates that through dredging the widened and 
deepened channel could have reduced current speeds thereby 
promoting accretion, a similar situation was found in the 
dredged Tamar Estuary by Widdows et al. (2007). 
 
A well established salt marsh lined the western channel. There 
was a small increase in mudflat at the landward edge as salt 
marsh frontally eroded however these changes were not outside 
of error ranges associated with the data. 
 
Land claim was associated with the development of the Eastern 
Dock between 1836 and 1911. 
Topography (taken as 
mean height above -
20.47m)  (heights given 
in m) 
No change outside of 
range of error  (from 12.5 
(+/-0.5) to 12.3 (+/-0.5))  
No change outside of 
range of error (from 19.6  
(+/-0.1) to 19.5 (+/-0.1)) 
No change outside of 
range of error (from 21.7 
(+/-0.1) to 21.9 (+/-0.1)) 
Area (areas given in x 
10
5m
2) 
No change in area 
outside of range of error 
(from 144.2 (+13.7/-6.8)  
to 145.2 (+7.6/-4.4))  
No change outside of 
range of error  (from 
78.3 (+11.5/-9.7) to 76.0 
(+7.6/-8.0)) 
No change outside of 
range of error (change 
from 54.0 (+5.0/-12.4) to 
54.7 (+2.9/-3.5)) 
Volume Sediment Stored 
(areas given in x 10
6m
3) 
No change outside of 
range of error (from 180.2 
(+25.8/-16.4) 
 to 178.8 
(+17.9/-13.5))  
No change outside of 
range of error (from 
153.6 (+22.5/-19.2) to 
148.5 (+14.9/-15.6)) 
No change outside of 
range of error (change 
from 117.4 (+10.8/-26.9) 
to 119.9 (+6.4/-7.7)) 
Volume Immobilised 
(Land Claim) (volumes 
given in x 10
6m
3) 
1.3 (+0.2/-0.1)  3.2 (+0.5/-0.4)  0.5 (+0.04/-0.1) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1911-
1932 
Morphology (from map 
comparison) Appendix 
42 
The Main Channel was 
deepened. There was 
accretion at the mouth of 
the estuary and parallel to 
the western shore. 
Mudflat accreted at 
landward edge. Frontal 
erosion around Hythe. 
Salt marsh continues to 
frontally erode. 
Between 1931 and 1936 the channel from Calshot to the Docks 
was dredged in 10.2m below CD (ABP Research & 
Consultancy Ltd, 1995d). There was accretion to the west of the 
Main Channel and at the mouth of the estuary possibly indicating 
both the settling of mobilised sediment from the dredged 
channel and intertidal and the attraction of marine sediment 
in to the estuary.  
 
There was no significant change in the salt marsh and mudflat 
volume though there was minor frontal erosion in this epoch. 
This could have been associated with a draw down of intertidal 
sediment in to the dredged channel. This resulting in an 
increased in the average mudflat height. 
 
Between the 1930s and 1955 the first stage of the filling in of 
the Dibden Bay site for future port development commenced 
using maintenance dredge spoil (ABP Research and 
Consultancy (1995d) Coughlan, (1979)); this resulted in the 
immobilisation of intertidal sediment. Land claim was also 
associated with the development of the Eastern Dock between 
1836 and 1911. 
Topography (taken as 
mean height above -
20.47m)  (heights given 
in m) 
No change outside of 
range of error  (from 12.3 
(+/-0.5) to 12.0 (+/-0.5)) 
Increased in height 
from 19.5 (+/-0.1) to 
19.7  (+/-0.1) 
No change outside of 
range of error (21.9  (+/-
0.1) to 21.9  (+/-0.1)) 
Area (areas given in x 
10
5m
2) 
No change in area 
outside of range of error  
(from 145.2 (+7.6/-4.4)  to 
147.4 (+7.0/-4.7)) 
No change outside of 
range of error  (from 
76.0 (+7.6/-8.0) to 75.9 
(+8.0/-9.1)) 
No change outside of 
range of error (from 54.7 
(+2.9/-3.5) to 51.9 (+2.9/-
3.4)) 
Volume Sediment Stored 
(areas given in x 10
6m
3) 
No change outside of 
range of error (from 178.8 
(+17.9/-13.5) to 177.5 
(+17.0/-13.8)) 
No change outside of 
range of error (change 
from 148.5 (+14.9/-15.6) 
to 149.5 (+15.7/-17.9)) 
No change outside of 
range of error (from 119.9 
(+6.4/-7.7) to 113.6 (+6.4/-
7.5)) 
Volume Immobilised 
(Land Claim) (volumes 
given in x 10
6m
3) 
0.5 (+/-0.1)  1.3 (+/-0.1)  2.0 (+/-0.1) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1932-
1947 
Morphology (from map 
comparison) Appendix 
43 
Decrease in channel 
height parallel to western 
shore, channel deepened 
mid channel and at the 
mouth. 
Mudflat accreting at land 
ward edge as salt marsh 
erodes. 
Increased rate of frontal 
erosion of salt marsh 
Between 1931 and 1936 a major dredging contract was awarded 
to widen the channel and deepen the reach below Calshot to 
11.1m below CD (ABP Research & Consultancy Ltd, 1995d). 
Comparing the channel in 1911-1932 and 1932-1947 it can be 
seen that this dredge campaign was largely driven by the 
accumulation of sediment at the estuary mouth in the earlier 
epoch.  There was no change in the channel volume and area 
outside the range of error this was because there were areas of 
accretion in the channel indicating a settling of mobilised 
sediment from the dredged channel parallel to the western 
shore or the attraction of marine sediment in to the estuary. 
 
The salt marsh between 1932 and 1947 experienced frontal 
erosion with an increase in the mudflat on the seaward side 
indicating the die back of S.anglica as the cause. This is 
comparable with extensive dieback occurring elsewhere in the 
Solent, for example dieback was first recorded in the Beaulieu 
Estuary in 1928  and became significant elsewhere, including 
Lymington and Poole Harbour, in the 1940s and 1950s 
(Goodman, 1960, Goodman et al., 1959). There was no 
associated frontal erosion of mudflat during this epoch indicating 
a slumping of intertidal sediment in association with dredging did 
not occur.   
Topography (taken as 
mean height above -
20.47m)  (heights given 
in m) 
No change outside of 
range of error  (from 12.0 
(+/-0.5) to 11.7 (+/-0.5)) 
No change outside of 
range of error  (19.7 (+/-
0.1m) to 19.6 (+/-0.1)) 
No change outside of 
range of error  (21.9 (+/-
0.1) to 21.8 (+/-0.1)) 
Area (areas given in x 
10
5m
2) 
No change outside of 
range of error  (from 147.4 
(+7.0/-4.7) to 146.5 (+5.7/-
4.0)) 
Increased in area from 
75.9 (+8.0/-9.1) to 92.8 
(+13.0/-11.2) 
Decreased in area from 
51.9 (+2.9/-3.4) to 34.9 
(+5.4/-5.9) 
Volume Sediment Stored 
(areas given in x 10
6m
3) 
No change outside of 
range of error (from 177.5 
(+17.0/-13.8) to 171.3 
(+15.1/-12.8)) 
Increased in volume 
from 149.5 (+15.7/-17.9) 
to 182.0 (+25.6/-21.9) 
Decreased in volume 
from 113.6 (+6.4/-7.5) to 
75.82 (+11.8/-13.0) 
Volume Immobilised 
(Land Claim) (volumes 
given in x 10
6m
3) 
0.4 (+/-0.1)  0.9  (+/-0.1)  0.5 (+/-0.03) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 360- 360 -- 
Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1947-
1965 
Morphology (from map 
comparison) Appendix 
44 
Channel widened at mouth 
of Hamble and entrance to 
Itchen as mudflat eroded. 
Accretion of subtidal 
parallel to western shore. 
Along the very edge of 
western shore the channel 
was deepened. 
Mudflat eroded at the 
seaward edge.  
Mudflat accreted locally 
around Fawley  
Frontal erosion of salt 
marsh continued, 
particularly towards the 
estuary mouth. 
Between 1950 and 1951 the western channel was 
straightened and the depth of the Main Channel was restored to 
10.2m below CD (ABP Research & Consultancy Ltd, 1995d). 
Between 1947 and 1965 there appeared to be frontal erosion of 
the mudflat this could have been in part through direct removal 
associated with the channel straightening. There was also salt 
marsh erosion and to the west of the main navigational channel 
there was accretion indicating that the slumping of the 
intertidal sediments had occurred into the dredged channel. 
There was channel deepening around Fawley Power station this 
could have also lead to a slumping of the intertidal sediment. 
 
Baker et al (1990) found that there was a relationship between 
the dieback of S. anglica around the Esso Oil Refinery as 
effluents were discharged through the creek system and 
photos by Dr D S Ranwell in 1962 showed large areas of S. 
anglica had died and decomposed around the two outfalls.  
 
The second phase of the land claim of Dibden Bay occurred 
between 1956 and 1960 and third phase between 1960 and 
1962 resulted in the immobilisation of mudflat and salt marsh. In 
1921 the Fawley Oil Refinery was built and in 1951 the 
refinery was rebuilt and extended and the channel around the 
Esso Marine Terminal was deepened (Institute of Petroleum, 
2010). The construction of the Esso Marine Terminal and 
continued erosion of salt marsh resulted in a split between the 
salt marsh at Hythe and at Fawley. 
Topography (taken as 
mean height above -
20.47m)  (heights given 
in m) 
No change outside of 
range of error  (from 11.7 
(+/-0.5) to 12.3 (+/-0.5))  
Increased in height 
from 19.6  (+/-0.1) to 
19.9  (+/-0.1) 
No change outside of 
range of error  (21.8 (+/-
0.1) to 21.7  (+/-0.1)) 
Area (areas given in x 
10
5m
2) 
Increased in area from  
146.5 (+5.7/-4.0) to 168.0 
(+5.6/-4.9) 
Decreased in area (from 
92.8 (+13.0/-11.2) to 
66.0 (+19.0/-1.6) 
Decreased in area from 
34.9 (+5.4/-5.9) to 22.1 
(+3.8/-4.0) 
Volume Sediment Stored 
(areas given in x 10
6m
3) 
No change outside of 
range of error (from 171.3 
(+15.1/-12.8) 
 to 205.8 
(+13.0/-12.1))  
No change outside of 
range of error (from 
182.0 (+25.6/-21.9) to 
146.4 (+37.7/-3.3)) 
Decreased in volume 
from 75.82 (+11.8/-13.0) 
to 47.9 (+8.3/-8.7) 
Volume Immobilised 
(Land Claim) (volumes 
given in x 10
6m
3) 
0.4 (+/-0.1)  10.3  (+1.4/-1.2)  10.9  (+1.7/-1.9) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1965-
1976 
Morphology (from map 
comparison) Appendix 
45 
Accretion parallel to 
western shore, eastern 
shore and Empress 
Docks. Channel deepened 
mid estuary and docks 
towards Itchen and Test. 
Accretion of mudflat to 
form salt marsh at land 
ward edge 
Frontal erosion of salt 
marsh. 
The Main Channel depth was maintained rather than capital 
dredged however there appears to be a pattern of erosion of the 
subtidal on the eastern channel forming with accretion on the 
western channel. This indicates slumping of the subtidal 
sediments into the dredged channel on the eastern shore and 
attraction of marine sediment in to the estuary on the western 
shore and parts of the eastern shore possibly due to the reduced 
current speeds sustained by the maintained channel. 
 
The mudflat extent remained unchanged apart from a small 
increase where the adjoining salt marsh frontally eroded around 
Fawley, probably associated with the slumping of sediment into 
Ower Lake which was dredged for access to Fawley Power 
Station. 
 
Land claim in the form of the forth phase of the Dibden Bay 
land claim between 1962 to 1970, the building of the Esso Oil 
Refinery between the 1920s and 1960s (ABP Research & 
Consultancy Ltd, 1995a, ABP Research & Consultancy Ltd, 
1995d, Horter, 2003a) and the construction of Fawley Power 
Station built between 1964 and 1965 (West, 2009) resulted in 
the immobilisation of  mudflat and salt marsh 
Topography (taken as 
mean height above -
20.47m)  (heights given 
in m) 
Increased in depth from 
12.3 (+/-0.5) to 11.7 (+/-
0.3) i.e. channel 
deepened by 0.6 (+/-0.5)  
Decreased in height 
from 19.9  (+/-0.1) to 
19.6 (+/-0.1) 
No change outside of 
range of error  (from 21.7  
(+/-0.1) to 21.8 (+/-0.1)) 
Area (areas given in x 
10
5m
2) 
Increased in area  from 
168.0 (+5.6/-4.9) to 195.5 
(+5.8/-4.7) 
No change outside of 
range of error  (from 
66.0 (+19.0/-1.6) to 70.7 
(+8.4/-5.9)) 
No change outside of 
range of error (from 22.1 
(+3.8/-4.0) to 19.1 (+3.2/-
3.5))  
Volume Sediment Stored 
(areas given in x 10
6m
3) 
No change outside of 
range of error (from 205.8 
(+13.0/-12.1) to 177.3 
(+11.3/-9.3))  
No change outside of 
range of error (from 
146.4 (+37.7/-3.3) to 
138.8 (+16.5/-11.5)) 
No change outside of 
range of error (from 47.9 
(+8.3/-8.7) to 41.6 (+7.2/-
7.6))  
Volume Immobilised 
(Land Claim) (volumes 
given in x 10
6m
3) 
2.1 (+/-0.1)  25.9 (+3.1/-2.1)  8.3 (+1.4/-1.5) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1976-
1996 
Morphology (from map 
comparison) Appendix 
46 
Increased depth of Main 
Channel and erosion of 
subtidal both sides of the 
channel. Accretion around 
docks toward Itchen and 
Test and either side of the 
Main Channel. 
Frontal erosion of 
mudflat. Landward 
accretion as salt marsh 
eroded. 
Frontal erosion of salt 
marsh  
Between 1994 and 1997 the channel between Fawley and the 
container terminal deepened from 10.2m below CD to 12.6m 
below CD.  
 
On both sides of the channel there was frontal erosion of the 
mudflat further indicating the slumping effect. The salt marsh 
continued to frontally erode possibly through slumping in to the 
dredged channel. There was accretion of the channel parallel to 
the dredged channel and erosion of the subtidal further indicating 
a slumping of subtidal sediment towards the dredged channel.   
Topography (taken as 
mean height above -
20.47m)  (heights given 
in m) 
Decrease in channel depth 
from 11.7 (+/-0.3) to 12.3 
(+/-0.1) i.e. channel 
accreted by 0.6 (+/-0.5) 
No change outside of 
range of error  (19.6 (+/-
0.1) to 19.7 (+/-0.1)) 
No change outside of 
range of error (21.8 (+/-
0.1) to 21.9 (+/-0.1)) 
Area (areas given in x 
10
5m
2) 
Decreased in area from 
195.5 (+5.8/-4.7) to 164.8 
(+4.9/-4.2) 
No change outside of 
range of error  (from 
70.7 (+8.4/-5.9) to 63.2 
(+7.5/-6.5)) 
Decreased in volume 
from 19.1 (+3.2/-3.5) to 
15.4 (+2.1/-1.8)  
Volume Sediment Stored 
(areas given in x 10
6m
3) 
Increased in volume from 
177.3 (+11.3/-9.3)  to 
203.3 (+8.8/-7.8) 
therefore sediment 
stored in channel 
decreased by 26.0 (+1.1/-
1.0)  
No change outside of 
range of error (from 
138.8 (+16.5/-11.5) to 
124.6 (+14.7/-12.7)) 
Decreased in volume 
from 41.6 (+7.2/-7.6) to 
33.6 (+4.5/-3.9)  
Volume Immobilised 
(Land Claim) (volumes 
given in x 10
6m
3) 
0.4 (+/-0.1)  0.2 (+0.03/-0.02)  0.4 (+/-0.1) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1996-
2001 
Morphology (from map 
comparison) Appendix 
47 
Deepening of Main 
Channel and parallel to 
eastern shore. Deepening 
parallel to western shore. 
Between western shore 
and mid channel accretion 
occurred. 
Frontal erosion of 
mudflat. Landward 
accretion as salt marsh 
eroded. 
 Frontal erosion of salt 
marsh  
The dredging of the Main Channel continued in to this epoch. 
The dredging works appear to be concentrated to the north of the 
Main Channel towards the container terminal and towards the 
entrance to the estuary.  
 
By comparing the pattern of mudflat erosion in 1976 to 1996 to 
1996 to 2001 it can be seen that the channel dredging coincides 
with distinct frontal erosion of the entire length of the mudflat 
lining Southampton Water, erosion of the subtidal and an 
accumulation of sediment to the west of the Main Channel. 
Frontal erosion of the salt marsh appeared more rapid towards 
the mouth of the estuary. 
Topography (taken as 
mean height above -
20.47m)  (heights given 
in m) 
Decreased in depth (from 
12.3 (+/-0.1) to 12.7 (+/-
0.1) i.e. channel accreted 
by 0.5 (+/-0.1) 
Increased in height 
from 19.7  (+/-0.1) to 
19.6  (+/-0.1)m 
No change outside of 
range of error (from 21.9 
(+/-0.1) to 22.0 (+/-0.1)) 
Area (areas given in x 
10
5m
2) 
No change in area 
outside of range of error  
(from 164.8 (+4.9/-4.2) to 
170.0 (+6.4/-2.4)) 
No change in area 
outside of range of error  
(from 63.2 (+7.5/-6.5) to 
58.5 (+9.0/-7.3)) 
No change outside of 
range of error (from 15.4 
(+2.1/-1.8) to 14.1 (+2.6/-
3.1))  
Volume Sediment Stored 
(areas given in x 10
6m
3) 
No change outside of 
range of error (from 203.3 
(+8.8/-7.8)
  to 215.3 
(+11.0/-3.6))  
No change outside of 
range of error (from 
124.6 (+14.7/-12.7) to 
114.9 (+17.6/-14.2)) 
No change outside of 
range of error (from 33.6 
(+4.5/-3.9) to 31.0 (+5.8/-
6.8))  
Volume Immobilised 
(Land Claim) (volumes 
given in x 10
6m
3) 
0.2 (+/-0.01)  0.4 (+/-0.1)  0.4 (+/-0.1) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological Indicator  Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
2001-
2008 
Morphology (from map 
comparison) Appendix 
48 
Accretion of Main Channel 
and between the western 
channel and mid channel. 
Deepening along western 
and eastern shores.  
Frontal erosion of 
mudflat. Landward 
accretion as salt marsh 
eroded. 
Frontal erosion of salt 
marsh. Some areas near 
Fawley accreting. 
Between 2001 and 2008 there was accretion of the Main 
Channel and further erosion of the subtidal. The continued 
erosion of the subtidal particularly on the eastern side of the 
channel indicates that the sediment contributing to the accretion 
of the Main Channel is derived from the slumping of the 
subtidal. The accretion of the Main Channel appears to indicate 
that the channel is out of equilibrium and the rapid accretion of 
the channel shows that the channel would quickly fill in if 
maintenance dredging was not carried out routinely. 
 
There was a small area of salt marsh erosion and mudflat 
accretion however both the salt marsh and mudflat areas appear 
largely stable indicating that the increased rate of intertidal 
erosion in the previous epochs was associated with the capital 
dredge of 1994-1997. 
 
Changes in legislation surrounding land claim resulted in no land 
claim occurring in this epoch.  
Topography (taken as 
mean height above -
20.47m)  (heights given 
in m) 
Increased in depth from 
12.7 (+/-0.1) to 12.5(+/-
0.1) i.e. channel 
deepened by 0.2 (+/-0.1) 
Increased in height 
from 19.6 (+/-0.1) to 
19.7 (+/-0.1) 
No change outside of 
range of error (22.0 (+/-
0.1) to 22.1(+/-0.1)) 
Area (areas given in x 
10
5m
2) 
No change in area 
outside of range of error  
(from 170.0 (+6.4/-2.4) to 
171.3 (+4.6/-4.1)) 
No change in area 
outside of range of error  
(from 58.5 (+9.0/-7.3) to 
58.0 (+9.8/-7.2)) 
No change outside of 
range of error (from 14.1 
(+2.6/-3.1) to 15.0 (+2.2/-
3.8)) 
Volume Sediment Stored 
(areas given in x 10
6m
3) 
No change outside of 
range of error (from 215.3 
(+11.0/-3.6) 
 to 214.3 
(+8.6/-8.0))  
No change outside of 
range of error (from 
114.9 (+17.6/-14.2) to 
114.1 (+19.3/-14.2)) 
No change outside of 
range of error (from 31.0 
(+5.8/-6.8) to 33.2 (+4.8/-
8.4)) 
Volume Immobilised 
(Land Claim) (volumes 
given in x 10
6m
3) 
No land claim from 
channel 
None  None Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Appendix 40 Main Channel Sediment Store Change 1783-1894- Channel (a), Mudflat (b) and Salt Marsh (c) 
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Appendix 42 Main Channel Sediment Store Change 1911-1932- Channel (a), Mudflat (b) and Salt Marsh (c) 
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Appendix 43 Main Channel Sediment Store Change 1932-1947- Channel (a), Mudflat (b) and Salt Marsh (c) 
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Appendix 44 Main Channel Sediment Store Change 1947-1965- Channel (a), Mudflat (b) and Salt Marsh (c) 
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Appendix 45 Main Channel Sediment Store Change 1965-1976- Channel (a), Mudflat (b) and Salt Marsh (c) 
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Appendix 46 Main Channel Sediment Store Change 1976-1996- Channel (a), Mudflat (b) and Salt Marsh (c) 
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Appendix 47 Main Channel Sediment Store Change 1996-2001- Channel (a), Mudflat (b) and Salt Marsh (c) 
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Appendix 48 Main Channel Sediment Store Change 2001-2008- Channel (a), Mudflat (b) and Salt Marsh (c) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Appendix 49 Main Channel Sediment Budget 1783-2008 (x10
3 m
3/yr) (Blue is an input to the sediment budget and pink is an output) 
(continued overleaf) 
 
Period  Input  Change in Storage (Excluding land claim) (Erosion represents an increase in the sediment available to the rest of the 
system so is a positive value, and accretion a sediment demand so is a negative value) 
   River  Error (Plus)  Error 
(Minus) 
Channel  Error 
(Plus) 
Error 
(Minus) 
Mudflat  Error (Plus)  Error 
(Minus) 
Salt marsh  Error 
(Plus) 
Error 
(Minus) 
2001-2008  9.1  6.5  6.5  -145.9  7.4  2.4  113.8  17.4  14.1  -308.6  57.3  68.1 
1996-2001  9.1  6.5  6.5  2446.6  105.8  94.4  1856.8  219.5  189.3  455.1  61.0  53.2 
1976-1996  3.2  2.9  2.9  1320.2  84.1  69.2  671.5  79.6  55.7  377.3  65.2  69.1 
1965-1976  12.6  5.8  5.8  -2401.5  151.9  140.8  -764.6  197.0  17.0  -177.8  30.9  32.4 
1947-1965  18.3  2.6  2.6  1933.8  170.5  144.3  1405.2  197.5  169.2  944.6  146.6  162.2 
1932-1947  12.4  3.7  3.7  -388.3  37.1  30.1  -2224.2  233.1  266.5  2488.3  139.5  165.2 
1911-1932  12.5  3.4  3.4  -35.3  3.5  2.7  -106.4  10.6  11.2  199.8  10.7  12.9 
1894-1911  8.6  5.1  5.1  -5.1  0.7  0.5  115.3  16.9  14.4  -173.4  16.0  39.7 
1783-1894  2.6  1.5  1.5  405.2  41.9  35.3  1202.3  86.3  40.1  -956.5  150.7  146.6 
 
 
Period  Sediment Exchange to Main Channel from Other Reaches 
  
Exchange to 
Main Channel 
(Hamble)  Error (Plus) 
Error 
(Minus) 
Exchange to Main 
Channel (Itchen) 
Error 
(Plus) 
Error 
(Minus) 
Exchange to Main 
Channel (Test)  Error (Plus)  Error (Minus) 
2001-2008  -223.2  55.0  51.3  -57.5  13.0  8.1  -521.7  163.1  161.4 
1996-2001  -599.1  177.2  79.4  -85.0  28.6  27.3  -756.0  102.0  95.7 
1976-1996  45.3  91.1  77.9  -30.5  9.4  6.6  -676.6  181.1  180.0 
1965-1976  44.3  138.8  99.8  128.0  87.8  68.9  749.4  223.6  220.1 
1947-1965  -255.1  91.5  68.4  -23.8  20.5  27.4  44.8  88.1  75.1 
1932-1947  -274.1  148.0  126.9  -80.1  19.9  16.6  -384.9  115.3  110.5 
1911-1932  151.8  57.7  42.1  37.6  86.1  89.4  497.8  193.6  132.6 
1894-1911  -107.0  51.8  44.2  -10.3  18.0  12.3  -35.0  93.0  24.7 
1783-1894  -51.5  32.6  30.1  -18.1  36.0  26.2  39.7  25.9  11.9 Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Period  Outputs  Sum of Inputs, 
Outputs and Change 
in Storage 
Volume of sediment needed to balance 
budget (Positive represents marine 
input, negative marine output) 
   Capital 
Dredging 
Error (Plus)  Error 
(Minus) 
Maintenance 
Dredging 
Error 
(Plus) 
Error 
(Minus) 
   Marine 
Exchange 
Error 
(Plus) 
Error (Minus) 
2001-2008  0.0  0.0  0.0  -455.7  227.8  227.8  -1589.7  1589.7  292.2  292.5 
1996-2001  -2446.6  0.0  0.0  -290.6  145.3  145.3  590.2  -590.2  371.6  306.4 
1976-1996  -1320.2  84.1  69.2  -486.8  243.4  243.4  -96.7  96.7  353.8  339.5 
1965-1976  0.0  0.0  0.0  -281.9  141.0  141.0  -2,691.5  2,691.5  399.6  322.8 
1947-1965  -1933.8  170.5  144.3  -176.0  88.0  88.0  1958.1  -1958.1  378.1  339.7 
1932-1947  0.0  0.0  0.0  -199.7  99.9  99.9  -1050.5  1050.5  347.5  371.2 
1911-1932  0.0  0.0  0.0  -51.9  25.9  25.9  705.9  -705.9  221.7  168.4 
1894-1911  0.0  0.0  0.0  -210.0  105.0  105.0  -417.0  417.0  152.5  124.7 
1783-1894  -405.2  41.9  35.3  -109.7  54.9  54.9  108.8  -108.8  199.3  174.2 
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Appendix 50 Southampton Water Morphological change 1783-2008 
Epoch  Morphological 
Indicator 
Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1783-
1894 
Morphology (from 
map comparison)  
Itchen and Hamble 
migrated from the 
north west to south 
east and widened 
Itchen and Hamble 
migrated from the north 
west to south east with 
channel. Mudflat accreted 
to form salt marsh. Frontal 
erosion on Test and Main 
Channel. 
Mudflat accreted to form 
salt marsh on the 
landward boundary  
S. anglica colonisation- Increase in salt marsh area associated with decrease in 
mudflat area could have been a result of the spread of S. anglica in the estuary as the 
species could colonise further down in the tidal frame. Between 1829 and 1836 Spartina 
alterniflora Lois. was found in the Itchen estuary (Marchant 1967; Ainouche et al. 2004) 
and in 1879 Spartina alterniflora Lois. was found near Hythe (Groves and Groves, 
1880).  The colonisation of the hybrid S. anglica in the Main Channel, Hamble and 
Itchen estuaries was clear from maps. The spread of S.anglica on to mudflats caused a 
reduction in mudflat area and volume.  
In 1889 the first recorded dredge in Southampton Water occurred, in 1893-6 the 
Main Channel was also dredged to 8.6m below chart datum (ABP Research and 
Consultancy (1995a) and Horter (2003) resulting in an increase in the volume of the 
channel within Southampton Water (the average height decreased as the channel was 
widened meaning more of the channel was of subtidal height). Mudflat experienced 
frontal erosion in the Main Channel and lower Test Estuary this could have been through 
slumping of sediment into the dredged channel or direct removal by dredging.                               
There was no evidence of channel deepening on the Hamble and Itchen and upper Test 
estuaries during this epoch indicating the depths of these estuaries was deep enough 
for small vessels to navigate as for example Northam Iron Works Wharfs was in use 
from 1840 (Rance, 1986).  
Large scale land claim occurred associated with: 
Urbanisation e.g. at Bursledon, Hamble and Warsash on the Hamble Estuary,  
Road and railway development on the Itchen Estuary (the line from Southampton to 
Woolston was opened in 1866 (Mitchell and Smith, 1986))  
Agricultural use on the Test and Itchen Estuaries 
The Port Outer Dock was developed in 1842 and Empress Dock in 1890 and 
Eastern Dock between 1839 and 1911 (Southampton City Council, 2005). 
Topography (taken 
as mean height 
above -20.47m)  
(heights given in 
m) 
Decreased in depth 
from 12.5 (+/-0.5) to 
13.1 (+/-0.5).The 
sediment in the 
channel i.e. accreted 
by 0.6 (+/-0.5). 
Decreased in height from 
19.7 (+/-0.1) to 19.5 (+/-
0.1)) 
Decreased in height (from 
22.0 (+/-0.1) to 21.8 (+/-
0.1)) 
Area (areas given 
in x 10
5m
2) 
Decreased in area  
from 143.6 (+18.9/-
9.9) to 171.9 (+28.7/-
11.5)  
Decreased in area  from 
233.7(+24.0/-16.0) to 144.0 
(+27.0/-24.7)  
Increased in area from 
44.8 (+10.8/-11.0) to 78.1 
(+10.6/-20.9)  
Volume Sediment 
Stored (areas 
given in x 10
6m
3) 
Increased in volume 
from 178.8 (+32.4/-
20.0) to 225.7 
(+48.7/-24.4) 
therefore sediment 
stored in channel 
decreased by 47.0 
(+10.1/-5.1)  
Decreased in volume from 
460.7 (+47.3/-31.6) to 
280.8 (+52.74/-48.2) 
Increased in volume from 
98.4 (+23.7/-24.1) to 170.1 
(+23.1/-45.6) 
Volume 
Immobilised (Land 
Claim) (volumes 
given in x 10
6m
3) 
5.0 (+0.9/-0.6)  32.5 (+3.3/-2.2)  52.0 (+12.5/-12.7) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological 
Indicator 
Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1894-
1911 
Morphology (from 
map comparison)  
Deepening at the 
mouth of Hamble; 
wharves on Itchen; 
mid reaches of the 
channel on Test; edge 
on both sides of the 
estuary and around 
docks on Main 
Channel. 
Mudflat accreted to form 
salt marsh on the western 
shore and salt marsh at the 
mouth of Hamble and north 
of Northam on the Itchen.   
Frontal loss of mudflat 
occurred along the Main 
Channel, on the Itchen and 
middle of the channel on 
Test.  
Mudflat accreted to form 
salt marsh on the western 
shore and salt marsh at 
the mouth of Hamble and 
north of Northam on the 
Itchen.   
The changes in this epoch were not outside of error ranges associated with the data. 
Changes visible from map comparison were as follows: 
Draw down of material from the Hamble Estuary into the Main Channel following a 
capital dredge in 1907 (ABP Research & Consultancy Ltd 1995; Horter 2003) could 
have caused increased depth of the channel at mouth; equally this could be 
accountable to errors associated with monitoring.                                          
Between 1893 and 1896 the Main Channel above Fawley was dredged to 8.6m 
below CD and in 1907 the channel was increased to 9.3m below CD for new liners 
and there was deepening around the Eastern Dock (ABP Research & Consultancy Ltd, 
1995d).  The main shipping channel was clearly defined. Areas of channel accretion 
appeared on the eastern side of channel. This accumulation of sediment in the channel 
indicates that through dredging the widened and deepened channel could have reduced 
current speeds thereby promoting accretion, a similar situation was found in the 
dredged Tamar Estuary by Widdows et al. (2007). 
 
There was a deepening at the channel edge on the Itchen Estuary as wharves 
began to develop.  
 
There was minor accretion of the channel and mudflat on the Test possibly to gain 
access to Eling Wharf. 
 
A well established salt marsh lined the western channel. There was a small increase in 
mudflat at the landward edge in the Main Channel and at Northam on the Itchen as salt 
marsh frontally eroded. This could have been associated with draw down of intertidal 
sediment in to the dredged channel.  
 
Land claim occurred associated with: 
Urbanisation on the Test, Itchen and Hamble 
Eastern Dock between 1839 and 1911 (Southampton City Council, 2005) 
Wharf development on the Itchen (Marden (2010) and Hamilton (2009).  
Topography (taken 
as mean height 
above -20.47m)  
(heights given in 
m) 
No change outside of 
range of error  (from 
13.1 (+/-0.5) to 13.0 
(+/-0.5))  
No change outside of 
range of error (from 19.5  
(+/-0.1) to 19.5 (+/-0.1)) 
No change outside of 
range of error (from 21.8 
(+/-0.1) to 21.9 (+/-0.1)) 
Area (areas given 
in x 10
5m
2) 
No change in area 
outside of range of 
error  (from 171.9 
(+28.7/-11.5) to 173.7 
(+18.0/-11.0)) 
No change outside of 
range of error  ( from 144.0 
(+27.0/-24.7)  to 140.5 
(+19.3/-19.1)) 
No change outside of 
range of error  (from 78.1 
(+10.6/-20.9)  to 78.8 
(+7.8/-10.6)) 
Volume Sediment 
Stored (areas 
given in x 10
6m
3) 
No change outside of 
range of error (from 
225.7 (+48.7/-24.4)
 to 
225.6 (+34.0/-23.4))  
No change outside of 
range of error (from 280.8 
(+52.74/-48.2) to 273.9 
(+37.6/-37.3)) 
No change outside of 
range of error (change 
from 170.1 (+23.1/-45.6) 
to  172.6 (+17.1/-23.1)) 
Volume 
Immobilised (Land 
Claim) (volumes 
given in x 10
6m
3) 
2.5 (+0.5/-0.3)  5.9 (+1.1/-1.0)  3.2 (+0.4/-0.9) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
- 378- 378 -- 
Epoch  Morphological 
Indicator 
Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1911-
1932 
Morphology (from 
map comparison)  
Deepening of channel 
edge around wharves 
and estuary mouth on 
Itchen; the Western 
Docks and in Main 
Channel. Accretion 
parallel to the western 
shore. 
Areas of mudflat 
associated with salt marsh 
erosion at Locks Heath 
associated on the Hamble, 
Itchen and Main Channel. 
Erosion/direct removal of 
the mudflat by the Western 
Dock. 
Areas of mudflat 
associated with salt marsh 
erosion at Locks Heath 
associated on the Hamble: 
north of Northam on the 
Itchen and on the Main 
Channel. 
There was a decrease in mudflat area and volume during this epoch; other changes in 
the estuary were accountable for within the error range of data.  
Changes visible from map comparison were as follows: 
The salt marsh experienced frontal erosion on the Hamble, Itchen and Main Channel 
which could have resulted in the increase in average mudflat height. Mudflat also 
decreased in area and volume through frontal erosion on the Test and Main Channel.  
The probable cause for decline on was through direct dredging or slumping of intertidal 
sediment into the dredged channel. Dredging associated with gaining access to the 
Western Docks and dredging of the Main Channel occurred during this epoch. There 
was also deepening at the channel edge as wharves began to develop on the 
Itchen. 
 
Between 1931 and 1936 the channel from Calshot to the Docks was dredged in 10.2m 
below CD (ABP Research & Consultancy Ltd, 1995d). There was accretion to the west 
of the Main Channel and at the mouth of the estuary possibly indicating both the 
settling of mobilised sediment from the intertidal and the attraction of marine 
sediment in to the estuary.  
 
There was also an increase in the depths of the channel towards the Itchen estuary 
mouth; this coincided with the dredging of the Main Channel between 1931 and 1936 
to 10.2m (ABP Research and Consultancy (1995a)) indicating a possible draw down 
of material from the Itchen to replace that lost from the Main Channel. 
The estuary was widened and deepened in the Test in association with the 
development of the Western Docks between 1927 and 1934 (ABP Research and 
Consultancy 1995d). 
 
Large scale land claim occurred associated with: 
Urbanisation on the Test, Itchen and Hamble 
Between the 1930s and 1955 the first stage of the filling in of the Dibden Bay site 
for future port development commenced using maintenance dredge spoil (ABP 
Research and Consultancy (1995d) Coughlan, (1979)) 
Eastern Dock between 1839 and 1911 (Southampton City Council, 2005) and the 
construction of the Western Docks between 1927 and 1934 in the Test Estuary 
(ABP Research and Consultancy 1995d). 
Wharf development on the Itchen (Marden (2010) and Hamilton (2009) 
Topography (taken 
as mean height 
above -20.47m)  
(heights given in 
m) 
No change outside of 
range of error  (from 
13.0 (+/-0.5) to 12.8 
(+/-0.5))  
Increased in height from 
19.5 (+/-0.1) to 19.7  (+/-
0.1) 
No change outside of 
range of error 21.9 (+/-0.1) 
to 21.9  (+/-0.1)) 
Area (areas given 
in x 10
5m
2) 
No change in area 
outside of range of 
error  173.7 (+18.0/-
11.0)  to 181.0 
(+17.0/-7.9)) 
Decreased in area from 
140.5 (+19.3/-19.1) to 
118.5 (+19.6/-19.3) 
No change outside of 
range of error  (from 78.8 
(+7.8/-10.6) to 71.8 (+7.0/-
10.1)) 
Volume Sediment 
Stored (areas 
given in x 10
6m
3) 
No change outside of 
range of error (from 
225.6 (+34.0/-23.4)  
to 231.3 (+32.7/-
20.1)) 
Decrease in volume from 
273.9 (+37.6/-37.3) to 
233.4 (+38.5/-38.0) 
No change outside of 
range of error (from 172.6 
(+17.1/-23.1) to 157.2 
(+15.4/-22.1)) 
Volume 
Immobilised (Land 
Claim) (volumes 
given in x 10
6m
3) 
1.8 (+0.3/-0.2)  33.7 (+/-4.6)  9.6 (+0.9/-1.3) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological 
Indicator 
Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1932-
1947 
Morphology (from 
map comparison)  
Channel deepening 
at: the mouth of 
Hamble; for Western 
Dock access in Test; 
and mid channel and 
at the mouth of the 
Main Channel.  
 
Decrease in channel 
height parallel to 
western shore in the 
Main Channel 
Accretion of mudflat due to 
salt marsh erosion near 
mouth Hamble and within 
the Itchen and Main 
Channel. 
 
Mudflat converted to salt 
marsh near Totton and 
north of the Western Dock 
in the Test. 
Accretion of mudflat due 
to salt marsh erosion near 
mouth Hamble and within 
the Itchen and Main 
Channel. 
 
Mudflat converted to salt 
marsh near Totton and 
north of the Western Dock 
in the Test. 
The Western Docks was deepened during this epoch on the Test, and there was also 
some deepening around wharves on the Itchen. Between 1931 and 1936 a major 
dredging contract was awarded to widen the channel and deepen the reach below 
Calshot to 11.1m below CD (ABP Research & Consultancy Ltd, 1995d). There was an 
increase in the depth of the mouth of the Hamble this could have been caused by 
the draw down of material from the Hamble Estuary into the Main Channel 
following the capital dredge (ABP Research & Consultancy Ltd 1995; Horter 2003).  
Although there was an increase in channel depth there was no change in the channel 
volume and area outside the range of error this was because there were areas of 
accretion in the Main Channel indicating a settling of mobilised sediment from the 
dredged channel parallel to the western shore or the attraction of marine 
sediment in to the estuary. 
 
The salt marsh on the Main Channel experienced erosion with die back of S.anglica as 
the probable cause, This is comparable with extensive dieback occurring elsewhere in 
the Solent, for example dieback was first recorded in the Beaulieu Estuary in 1928 and 
became significant elsewhere, including Lymington and Poole Harbour, in the 1940s 
and 1950s (Goodman, 1960, Goodman et al., 1959). This released large volumes of 
sediment to feed mudflats at the landward edge.  
 
In the 1930s the sea wall was breached at the Bunny Meadows site on the eastern 
side of the Hamble estuary (near Locks Heath) to allow the regeneration of salt marsh 
and mudflat (Cundy et al. 2003).  The salt marsh on this site rapidly accreted as a result 
of managed realignment. However this increase in salt marsh did not equal that lost in 
the rest of the estuary from S.anglica die-back meaning there was an overall decline in 
salt marsh area and volume. 
 
On the Test there was accretion of the mudflat to form salt marsh. A possible reason for 
this is that the increased ship movement to the estuary associated with the 
Western Dock development resulted in the spread of S. anglica propagules to this 
area later than the rest of Southampton Water resulting in salt marsh developing lower 
in the tidal range than previously found in the study period.  
 
Land claim occurred associated with: 
Construction of the Western Docks between 1927 and 1934 in the Test Estuary 
(ABP Research and Consultancy 1995d). 
Topography (taken 
as mean height 
above -20.47m)  
(heights given in 
m) 
Increased in depth 
from 12.8 (+/-0.5) to 
12.2 (+/-0.5) i.e. 
channel deepened 
by 0.6 (+/-0.5) 
No change outside of 
range of error  (19.7 (+/-
0.1m) to 19.8 (+/-0.1)) 
No change outside of 
range of error  21.9  (+/-
0.1) to 21.8 (+/-0.1)) 
Area (areas given 
in x 10
5m
2) 
No change outside of 
range of error  (from 
181.0 (+17.0/-7.9) to 
183.0 (+14.0/-10.0)) 
No change outside of 
range of error  (from 233.4 
(+38.5/-38.0) to 267.9 
(+47.6/-41.9)) 
Decreased in area  from 
71.8 (+7.0/-10.1) to 52.1 
(+10.5/-10.1) 
Volume Sediment 
Stored (areas 
given in x 10
6m
3) 
No change outside of 
range of error (from 
231.3 (+32.7/-20.1)  
to 223.6 (+28.1/-
22.1)) 
No change outside of 
range of error from 22.1 
(+11.4/-9.8) to 26.2 (+11.5/-
10.3)) 
Decreased in volume 
from 157.2 (+15.4/-22.1) 
to 113.4 (+22.9/-21.9) 
Volume 
Immobilised (Land 
Claim) (volumes 
given in x 10
6m
3) 
0.7 (+/-0.1)  2.6  (+/-0.4)  4.1 (+0.4/-0.6) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological 
Indicator 
Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1947-
1965 
Morphology (from 
map comparison)  
Deepening of channel 
around marina on the 
Hamble; Northam 
wharves on the 
Itchen; around ship 
yard on the Test. 
Channel widened at 
mouth of Hamble and 
Itchen as mudflat lost. 
Accretion of channel 
elsewhere as 
intertidal eroded on 
the Hamble. Accretion 
of subtidal parallel to 
western shore and 
along the very edge of 
western shore the 
channel was 
deepened. 
Accretion of mudflat where 
salt marsh eroded on the 
Hamble and Itchen and 
Main Channel.  
 
Frontal erosion of mudflat 
within estuary Hamble and 
Main Channel.  
 
Accretion of mudflat to form 
salt marsh on eastern side 
of the estuary on the Test. 
 
Large scale accretion of 
the Bunny Meadows 
realignment site occurred 
during this epoch. 
 
Accretion of mudflat where 
salt marsh eroded on the 
Hamble and Itchen and 
Main Channel. 
 
 
Although the increase in volume of the channel was inside the range associated with 
data error the change observed could have been related to the following dredge 
activities: 
Dredging for access to marina access on the Hamble  
The channel around the Esso Marine Terminal was deepened (Institute of Petroleum, 
2010). 
Between 1950 and 1951 the western channel was depth of the Main Channel was 
restored to 10.2m below CD (ABP Research & Consultancy Ltd, 1995d). 
There was some channel deepening around Northam wharves for navigational access 
on the Itchen. 
Overall there was an increase in channel area this was largely related to the 
straightening of the western channel between 1950 and 1951 (ABP Research & 
Consultancy Ltd, 1995d), which resulted in mudflat being removed directly through 
dredging or slumping in to the Main Channel. Between 1947 and 1965 there appeared 
to be frontal erosion of both the mudflat and salt marsh lining the estuary on the Main 
Channel and Test further indicating that slumping of intertidal sediment associated with 
the channel straightening of the western channel to improve access to the docks 
between 1950 and 1951 had occurred. To the west of the main navigational channel 
there was accretion providing further evidence of the slumping of the intertidal 
sediments into the dredged channel.  
 
There was some accretion of salt marsh and mudflat around the managed realignment 
site on the Hamble.  
 
Baker et al (1990) found that there was a localised relationship between the dieback of 
S. anglica around the Esso Oil Refinery as effluents were discharged through the 
creek system and photos by Dr D S Ranwell in 1962 showed large areas of S. anglica 
had died and decomposed around the two outfalls.  
 
The result of the continued erosion of salt marsh and land claims resulted in a split 
between the salt marsh at Hythe and at Fawley.  
 
Large scale land claim occurred associated with: 
The second phase of the land claim of Dibden Bay occurred between 1956 and 
1960 and third phase between 1960 and 1962 
In 1921 the Fawley Oil Refinery was built and in 1951 the refinery was rebuilt and 
extended 
Port Hamble marina and Crableck marina were developed in the 1960s. 
Land claim for urbanisation on the Itchen Estuary    
Topography (taken 
as mean height 
above -20.47m)  
(heights given in 
m) 
No change outside of 
range of error  (from 
12.2 (+/-0.5) to 12.7 
(+/-0.5))  
No change outside of 
range of error  (19.8  (+/-
0.1) to 19.9  (+/-0.1)) 
No change outside of 
range of error  21.8 (+/-
0.1) to 21.7 (+/-0.1)) 
Area (areas given 
in x 10
5m
2) 
Increased in area 
from 183.0 (+14.0/-
10.0) to 205.6 
(+12.8/-11.1) 
No change outside of 
range of error  (area 
changed from 135.6 
(+24.1/-21.2) to 106.8 
(+28.1/-10.3)) 
Decreased in area  from 
52.1 (+10.5/-10.1) to 38.0 
(+6.6/-7.2) 
Volume Sediment 
Stored (areas 
given in x 10
6m
3) 
No change outside of 
range of error (from 
223.6 (+28.1/-22.1) 
 to 
261.3 (+28.4/-44.9))  
No change outside of 
range of error (from 267.9 
(+47.6/-41.9) to 212.3 
(+55.9/-20.5)) 
No change outside of 
range of error (from 113.4 
(+22.9/-21.9) to 82.6 
(+14.4/-15.7)) 
Volume 
Immobilised (Land 
Claim) (volumes 
given in x 10
6m
3) 
2.2 (+0.3/-0.2)  15.7  (+2.8/-2.5)  14.4  (+2.9/-2.8) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological 
Indicator 
Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1965-
1976 
Morphology (from 
map comparison)  
Deepening and 
widening of channel 
around marina 
developments on 
Hamble; around 
wharves and quays 
Itchen; opposite the 
Container Terminal 
and Docks on the 
Test; mid estuary and 
docks towards Itchen 
and Test in the Main 
Channel.    
Accretion of channel 
where salt marsh 
eroded on Hamble; in 
the middle of the 
channel on the Test; 
parallel to western 
shore, eastern shore 
and Empress Docks.  
Mudflat removed for access 
to marina developments on 
the Hamble. Erosion 
around wharves and quays 
on the Itchen 
 
Accretion of mudflat as salt 
marsh eroded on the Test 
opposite the Container 
Terminal; Itchen; Hamble 
and Main Channel. 
 
Accretion of mudflat as 
salt marsh eroded on 
the Test opposite the 
Container Terminal; 
Itchen; Hamble and Main 
Channel. 
The following dredging activities took place in this epoch The following may have led to 
minor changes:  
Dredging associated with marina development on the Hamble- Mercury Marina was 
built in 1971 and Hamble Yacht services constructed in the 1970s (Underdown 2009).   
Further development of the wharves and quays on the Itchen estuary resulted in the 
widening of the channel and deepening around access points   
Dredging to create a swinging ground and access to the terminal in association with the 
construction of the Prince Charles Container Terminal on the Test. 
  
There was accretion of the Main Channel following capital dredging in the previous 
epoch. On the Main Channel the pattern of erosion indicated slumping of the subtidal 
into the navigational channel and accretion of the channel lining the western shore and 
mouth of the estuary indicating an infilling. This accretion counteracted the loss of 
sediment in the channel through the above activities meaning that there was no net 
change in the volume or area outside error ranges of the channel. 
  
Average height of mudflat possibly decreased due to slumping associated with 
dredging on the Hamble and Itchen. The volume and area change was not outside 
error ranges so could have also been attributable to data errors.  
 
Salt marsh decreased in area and volume, the frontal erosion of salt marsh was 
associated with dredging activities on the Test, Itchen, and Hamble and around Fawley 
Power Station on the Main Channel.  
 
Accretion of salt marsh and mudflat at managed realignment site continued on the 
Hamble however this did not counteract the changes occurring in the rest of the estuary.  
 
Large scale land claim occurred associated with: 
Land claim in the form of the forth phase of the Dibden Bay land claim between 1962 
to 1970, 
The building of the Esso Oil Refinery between the 1920s and 1960s (ABP Research & 
Consultancy Ltd, 1995a, ABP Research & Consultancy Ltd, 1995d, Horter, 2003a)  
The construction of Fawley Power Station built between 1964 and 1965 (West, 2009) 
Between 1966 and 1978 the Prince Charles Container Terminal was developed (ABP 
Research & Consultancy Ltd, 1995d) on the Test 
Marina development on the Hamble- Mercury Marina was built in 1971 and Hamble 
Yacht services constructed in the 1970s (Underdown 2009).   
 
Topography (taken 
as mean height 
above -20.47m)  
(heights given in 
m) 
No change outside of 
range of error  (from 
12.7 (+/-0.5) to 12.5 
(+/-0.3))  
Decreased in mudflat 
height from 19.9  (+/-0.1) to 
19.7 (+/-0.1) 
Increase in salt marsh 
height  (from 21.7 (+/-0.1) 
to 21.9 (+/-0.1)) 
Area (areas given 
in x 10
5m
2) 
No change outside of 
range of error  (from 
205.6 (+12.8/-11.1) to 
195.2 (+10.7/-9.1)) 
No change outside of 
range of error  (from 106.8 
(+28.1/-10.3) to 98.7 
(+16.2/-13.1) 
Decreased in area from 
38.0 (+6.6/-7.2) to 30.1 
(+7.5/-6.5) 
Volume Sediment 
Stored (areas 
given in x 10
6m
3) 
No change outside of 
range of error (from 
261.3 (+28.4/-44.9) to 
243.8 (+20.7/-18.3)) 
No change outside of 
range of error (from 212.3 
(+55.9/-20.5) to 194.4 
(+31.9/-25.7)) 
Decreased in volume 
from 82.6 (+14.4/-15.7) to 
66.0 (+16.4/-14.3)  
Volume 
Immobilised (Land 
Claim) (volumes 
given in x 10
6m
3) 
5.3 (+0.6/-0.9)  32.9 (+8.7/-3.2)  15.2 (+2.7/-2.9) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological 
Indicator 
Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1976-
1996 
Morphology (from 
map comparison)  
Channel deepened 
around marina 
developments on the 
Hamble; opposite 
container terminal, 
and ship repair yard 
on the Test and on 
the Main Channel. 
Erosion of subtidal 
both sides of the 
channel. 
 
Channel accreted 
opposite Docks on 
the Test and either 
side of the main 
navigational channel. 
Loss of mudflat around 
marina developments on 
Hamble for access 
purposes. 
 
Accretion of mudflat around 
realignment site on 
Hamble.  
 
Mudflat accreted where salt 
marsh frontally eroded on 
the Test and Main Channel.  
Salt marsh erosion around 
managed realignment site 
on the Hamble.  
 
Mudflat accreted where 
salt marsh frontally eroded 
on the Test and Main 
Channel. 
There was no change in the channel volume or area during this epoch outside error 
ranges however the small increase in volume and area could have been attributable to 
the following: 
Dredging associated with marina development on the Hamble- at Hamble Point 
Marina and Swanwick marina leading to an increase in the volume of the channel.                
Between 1976 and 1996 the average depth of the channel in the Test Estuary increased 
for vessel access to the Prince Charles Container Terminal. 
Between 1994 and 1997 the channel between Fawley and the container terminal 
deepened from 10.2m below CD to 12.6m below CD. There was accretion of the 
channel parallel to the dredged channel and erosion of the subtidal indicating a 
slumping of subtidal sediment towards the dredged channel. 
 
The salt marsh on the Test, Itchen and Main Channel and Hamble frontally eroded 
possibly through the slumping of the intertidal sediment into dredged channels.  
 
Although mudflat area and volume had no change outside of error ranges the decline 
visible from map analysis could have been through the frontal erosion in to the 
navigational channel (particularly visible on the Main Channel).  
 
Land claim occurred associated with: 
Marina development on the Hamble-  at Hamble Point Marina and Swanwick marina 
Urbanisation on the Itchen 
Between 1966 and 1978 the Price Charles Container Terminal was developed (ABP 
Research & Consultancy Ltd, 1995d) on the Test 
 
 
 
 
 
 
Topography (taken 
as mean height 
above -20.47m)  
(heights given in 
m) 
No change outside of 
range of error  (from 
12.5 (+/-0.3) to 12.7 
(+/-0.1))  
No change outside of 
range of error  (19.7 (+/-
0.1) to 19.8 (+/-0.1)) 
No change outside of 
range of error 21.9 (+/-0.1) 
to 21.9 (+/-0.1)) 
Area (areas given 
in x 10
5m
2) 
No change outside of 
range of error  (from 
195.2 (+10.7/-9.1) to 
209.1(+11.8/-10.0)) 
No change outside of 
range of error  (from 98.7 
(+16.2/-13.1) to 91.2 
(+14.2/-13.0)) 
Decreased in area from 
30.1 (+7.5/-6.5) to 23.3 
(+4.8/-2.4) 
Volume Sediment 
Stored (areas 
given in x 10
6m
3) 
No change outside of 
range of error (from 
243.8 (+20.7/-18.3) to 
264.8 (+18.4/-16.1)) 
No change outside of 
range of error (from 194.4 
(+31.9/-25.7) to 180.4 
(+28.1/-25.7)) 
Decreased in volume 
from 66.0 (+16.4/-14.3) to 
51.0 (+10.6/-5.4)  
Volume 
Immobilised (Land 
Claim) (volumes 
given in x 10
6m
3) 
0.9 (+/-0.1)  4.7 (+0.8/-0.6)  2.3 (+0.6/-0.5) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological 
Indicator 
Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
1996-
2001 
Morphology (from 
map comparison)  
Increase in channel 
depth in the lower 
reaches of the Itchen, 
opposite the 
Container Terminal on 
the Test; parallel to 
the western and 
eastern shores of the 
Main Channel and 
within the channel. 
 
Accretion of the 
channel on the 
western side of the 
channel. Between 
western shore and 
mid channel accretion 
occurred on the Main 
Channel. 
Accretion of mudflat as salt 
marsh eroded mid estuary 
on the Hamble and Main 
Channel. 
Accretion of mudflat as 
salt marsh eroded mid 
estuary on the Hamble 
and Main Channel. 
 
Accretion of salt marsh at 
mouth of estuary 
realignment site on the 
Hamble.  
There was a decrease in channel depth outside of error ranges and an increase in the 
area and volume of the channel but not outside error ranges. The changes could have 
been caused by the following: 
The dredging of the Main Channel continued in to this epoch. The dredging works 
appeared to be concentrated to the north of the Main Channel towards the container 
terminal and towards the entrance to the estuary. 
There was a deepening of the channel in the lower reaches of the Itchen estuary; this 
coincided with two years in which large maintenance dredges were carried out for the 
wharves and quays (19.16 x 10
6m
3 was removed in 1997 and 31.12 x 10
6m
3 was 
removed in 2000) (Horter, 2003). The accretion of the channel in the upper reaches of 
the Itchen indicates that sediment disturbed by dredging may have been carried 
upstream. 
Between 1976 and 1996 the average depth of the channel in the Test Estuary increased 
again through completion of the Prince Charles container terminal deepening. 
 
There was further frontal erosion of the salt marsh and mudflats throughout the estuary 
possibly due to slumping of the intertidal sediment into dredged channels. These 
rates of change were not outside of error ranges.   
 
Comparing the pattern of mudflat erosion in 1976 to 1996 to 1996 to 2001 it can be 
seen that the channel dredging coincided with distinct frontal erosion of the entire length 
of the mudflat lining Southampton Water, erosion of the subtidal and an accumulation of 
sediment to the west of the Main Channel. 
 
Land claim occurred associated with: 
Urbanisation on the Itchen 
Completion of the Prince Charles Container Terminal on the Test 
Topography (taken 
as mean height 
above -20.47m)  
(heights given in 
m) 
Decreased in depth 
(from 12.7 (+/-0.1) to 
12.9 (+/-0.1). The 
sediment in the 
channel i.e. accreted 
by 0.2 (+/-0.1).  
No change outside of 
range of error  (19.8 (+/-
0.1) to 19.8 (+/-0.1)) 
No change outside of 
range of error 21.9 (+/-0.1) 
to 22.0 (+/-0.1)) 
Area (areas given 
in x 10
5m
2) 
No change in area 
outside of range of 
error  (from 
209.1(+11.8/-10.0) to 
211.4 (+15.5/-5.5)) 
No change in area outside 
of range of error  (from 91.2 
(+14.2/-13.0) to 86.0 
(+16.1/-13.7)) 
No change outside of 
range of error  (from 23.3 
(+4.8/-2.4) to 21.6 (+4.4/-
4.8)) 
Volume Sediment 
Stored (areas 
given in x 10
6m
3) 
No change outside of 
range of error (from 
264.8 (+18.4/-16.1) 
  
to 272.2 (+23.5/-
10.7))  
No change outside of 
range of error (from 180.4 
(+28.1/-25.7) to 170.1 
(+31.9/-27.1)) 
No change outside of 
range of error (from 51.0 
(+10.6/-5.4) to 47.6 (+9.6/-
10.5))  
Volume 
Immobilised (Land 
Claim) (volumes 
given in x 10
6m
3) 
2.4 (+/-0.2)  2.7 (+/-0.4)  3.3 (+0.7/-0.3) Elizabeth Hopley                       The Impact of Changing Sediment Budgets on an Industrialised Estuary 
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Epoch  Morphological 
Indicator 
Channel   Mudflat Change   Salt Marsh Change   Probable cause for change 
2001-
2008 
Morphology (from 
map comparison)  
Channel deepened at 
Itchen and Hamble 
estuary mouths; 
Marchwood to 
container terminal on 
the Test; western and 
eastern shores on the 
Main Channel. 
Accretion round 
Hamble Services 
Marina; military port 
on the Test and Main 
Channel and between 
the western channel 
and mid channel. 
Mudflat accreting at 
landward edge on the 
Hamble, Test and Main 
Channel. 
Mudflat accreting at 
landward edge on the 
Hamble, Test and Main 
Channel. 
 
Small area of accretion in 
upper reaches of Itchen; 
upper reaches of the Test 
and some areas near 
Fawley on the Main 
Channel. 
The average depth of the channel increased in this epoch this could have been due to 
larger than average maintenance dredges on the Test in both 2003 and 2005 
(Appendix 14) so that the channel appears to have deepened, however compared to the 
1996-2001 epoch it is clear that sediment had previously begun to accumulate in the 
channel and was being removed. There was also erosion of the channel at the mouth of 
the Itchen this could have been related to slumping of material in to the Main Channel 
following the 1994-1997 dredge (Horter (2003). 
There was a decrease in channel volume; however this was not outside of error ranges. 
Reasons for the small decline could have been due to- 
Accretion of the Hamble estuary mouth indicating that the dredge channel is acting as 
a sediment sink and attempting to re-establish its natural form. There was erosion of 
the north of the channel indicating this to be the source of material for the mouth; this 
may have also contributed to the increased average salt marsh and mudflat height.    
On the Main Channel between 2001 and 2008 there was accretion of the Main Channel 
and further erosion of the subtidal. The continued erosion of the subtidal particularly on 
the eastern side of the channel indicates that the sediment contributing to the accretion 
of the Main Channel is derived from the slumping of the subtidal. The accretion of the 
Main Channel appears to indicate that the channel is out of equilibrium and the rapid 
accretion of the channel shows that the channel would quickly fill in if maintenance 
dredging was not carried out routinely.              
 
Although there was no change in salt marsh and mudflat areas and volumes outside 
error ranges small changes could have been attributable to the following: 
Further frontal salt marsh erosion and mudflat accretion mid Hamble estuary indicated 
continued slumping of sediment in to Mercury Yacht Harbour dredged access routes. 
There was frontal erosion of the salt marsh next to the swinging ground on the Test 
possibly due to the slumping of the intertidal sediment into dredged channels. 
Small area of salt marsh erosion and mudflat accretion on the Main Channel however 
both the salt marsh and mudflat areas appear largely stable indicating that the 
increased rates of intertidal erosion in the previous epochs were associated with the 
capital dredge of 1994-1997. 
There was a small area of accretion of the salt marsh in the upper reaches of the Itchen 
possibly as a result of an increase in sediment in the northern reaches in the previous 
epoch.    
 
Changes in legislation surrounding land claim resulted in no land claim occurring in this 
epoch. 
Topography (taken 
as mean height 
above -20.47m)  
(heights given in 
m) 
Increased in depth 
(from 12.9 (+/-0.1) to 
12.6 (+/-0.1) i.e. 
channel deepened 
by 0.3 (+/-0.1) 
No change outside of 
range of error  (19.8 (+/-
0.1) to 19.8 (+/-0.1)) 
No change outside of 
range of error 22.0 (+/-0.1) 
to 22.1 (+/-0.1)) 
Area (areas given 
in x 10
5m
2) 
No change in area 
outside of range of 
error  (from 211.4 
(+15.5/-5.5) to 214.6 
(+11.7/-9.0)) 
No change in area outside 
of range of error  (from 86.0 
(+16.1/-13.7) to 86.1 
(+18.1/-14.2)) 
No change outside of 
range of error  (from 21.6 
(+4.4/-4.8) to 22.8 (+4.2/-
5.9) 
Volume Sediment 
Stored (areas 
given in x 10
6m
3) 
No change outside of 
range of error (from 
272.2 (+23.5/-10.7) 
 to 
270.6 (+18.3/-14.9))  
No change outside of 
range of error (from 170.1 
(+31.9/-27.1) to 170.7 
(+35.8/-28.2)) 
No change outside of 
range of error (from 47.6 
(+9.6/-10.5) to 50.5 (+9.3/-
13.1)) 
Volume 
Immobilised (Land 
Claim) (volumes 
given in x 10
6m
3) 
No land claim from 
channel 
None  None 
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